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ABSTRACT 
On the Fatigue Life of the Human Anterior Cruciate Ligament: 
Experimental Studies of the Effects of Limited Internal Femoral Rotation 
and Microscopic Entheseal Anatomy 
 
by 
Mélanie L. Beaulieu 
 
Chair: James A. Ashton-Miller 
 
 Anterior cruciate ligament (ACL) injuries pose significant health and financial burdens, 
such as the early development of knee osteoarthritis. It is imperative to better prevent these 
injuries, but several knowledge gaps exist, including: (1) why athletes with a restricted range of 
hip internal rotation are more prone to ACL injuries; (2) whether this restriction can increase the 
ACL’s susceptibility to a fatigue failure; and (3) why the ACL ruptures more frequently near its 
femoral enthesis, especially the posterolateral fibers during pivot landings. This dissertation 
addresses these gaps. 
 I hypothesized that limiting range of internal femoral rotation would increase peak ACL 
strain and risk of ACL fatigue failure during in vitro single-leg pivot landings. A custom-built 
testing apparatus applied an impulsive load, which induced knee compression, flexion moment, 
and internal tibial torque to human male and female knee specimens. A novel femoral rotation 
device controlled internal femoral rotation. As the range of internal femoral rotation was 
xviii 
decreased, peak ACL strain increased 1.3% per 10° decrease and ACL fatigue failure risk 
increased 17-fold, when accounting for sex of specimen donor. These results suggest that 
screening for a limited range of hip internal rotation should become a component of ACL injury 
prevention programs and evaluation protocols for those with ACL injuries and/or 
reconstructions. 
 I also hypothesized that micro-anatomical differences would exist between ACL 
entheses, as well as regionally within the femoral enthesis. The microscopic appearance of the 
ACL entheses was quantified in unembalmed human knee specimens using standard histological 
methods. The femoral enthesis had more fibrocartilage and a more acute ligament entheseal 
attachment angle than the tibial enthesis. The profiles of the femoral entheseal tidemarks varied 
within an enthesis and between donors, with six profiles predominating, but bilateral similarities 
existed. Within the femoral enthesis, there was more fibrocartilage in the inferior region of the 
origin of the anteromedial fibers. These fibers originated from the femur at a more acute angle 
than the posterolateral fibers. Perhaps these differences can induce a strain concentration at the 
inferior margin of the posterolateral fibers femoral enthesis, thus making this region susceptible 
to damage accumulation, during pivot landings. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Overview of the Problem 
 Injuries to the anterior cruciate ligament (ACL) continue to occur at a rate of more than 
250,000 per year in the United States.20 Occurring as early as the age of 5 years,59 they are 
especially common in females.1,75 In fact, females are two to five times more likely to sustain an 
ACL injury than their male counterparts, especially in sports such as soccer and basketball.69,75 
They are also getting injured at a younger age than males (on average, 20 vs. 25 years).8,56,74 Of 
particular concern is the increased susceptibility to the development of knee osteoarthritis within 
10 years of injury.38,44 These otherwise healthy women will suffer premature aging of their 
knees, thus limiting physical activity. This poses an enormous health and financial burden for the 
future.20,24 For example, ACL-injured soccer players exhibit greater knee pain and other 
symptoms, reduced knee function in general and in sports and recreation, and a reduced knee-
related quality of life 12 years after injury in comparison with healthy soccer players and the 
general female population.39 
 There is an urgent need, therefore, to prevent ACL injuries to eliminate the costly 
consequences of these injuries. Currently, effective preventive strategies continue to elude us 
mostly due to a lack of understanding of the pathomechanics of injury. It is difficult to prevent 
something that is not fully understood. Most ACL injuries occur during athletic maneuvers that 
are performed repeatedly during a sporting career (e.g., landing from a jump, running and 
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changing direction).9,28,30,48 They also occur more frequently near the femoral origin of the 
ACL.36,80 We do not understand, however, how and why injury occurs during a particular 
maneuver but not during another, apparently similar maneuver, or why the femoral origin, or 
enthesis, of the ACL is vulnerable to injury. Hence, it is of importance to elucidate how and why 
ACL injuries occur. 
1.2 Background and Knowledge Gaps 
 The ACL is one of four major ligaments of the knee joint that connects the distal femur to 
the proximal tibia.2 It originates on the posterior-superior-medial facet of the lateral femoral 
condyle and inserts on the anterior-lateral portion of the medial tibial plateau.15,18,21 Oriented in 
the anterior-posterior and medial-lateral directions, the ACL plays a primary role in limiting 
anterior translation and internal rotation of the tibia relative to the femur.12,34,45,81 It is often 
described as a ‘two-bundle’ structure comprising the fibers of the anteromedial (AM) and the 
posterolateral (PL) bundles whose contributions to resisting such translation and rotation 
differ.13,40,81 Although they function in a complementary manner, the AM fibers play a primary 
role in resisting anterior tibial translation;13,40 whereas the PL fibers play a primary role in 
resisting internal tibial rotation.81 The fiber contributions are also dependent on knee flexion 
angle, with a gradual transition from the anteriorly positioned fibers resisting peak loads at 
moderate (i.e., 30°-60°) knee flexion angles to the posteriorly positioned fibers resisting peak 
loads near full extension (i.e., 0°-15°).19,25,26,43,57 This is because the location where the PL fibers 
attach to the femur rotates toward the attachment site on the tibia as the knee flexes, thus causing 
shortening of the fibers. Also, the bundle of PL fibers, which is narrower and shorter,27 elongates 
more than the AM fibers during weight bearing with a knee near full extension.25 
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 Most ACL injuries occur during ‘noncontact’ situations, in which no direct contact 
between the injured individual and another individual or an object (other than the ground) 
occurs.9,30,48 Typically, injury occurs upon landing on one leg after a jump and/or during a 
change of direction.9,28,30,48 Such injuries have been described numerous times by athletes via 
questionnaires9,48 and interviews9,28 and by medical experts and researchers with video analyses, 
both qualitatively48 and quantitatively.10,29,30 For example, Koga et al.29 analyzed video 
sequences from 10 ACL injuries in women’s basketball and handball. By using model-based 
image matching, they were able to quantify three-dimension (3D) knee rotations during the 
injurious maneuvers. Though the accuracy of this imaging analysis method is questionable, since 
it has not been validated against the gold standard (bone-pin markers6,53,54), it provides useful 
information.31 For instance, all injuries occurred without direct contact to the knee during single-
leg landings or changes of direction. Also, knee flexion, abduction, and internal rotation 
occurred, with injury time estimated at 40 milliseconds after initial ground contact. 
 Similar descriptions have been published of other noncontact ACL injury scenarios.10,30,48 
A common theme among studies investigating actual ACL injury scenarios is their focus on the 
single event when ligament failure appears to occur.9,10,29,30,48 They do not account for the history 
of landing and cutting events of the injured individual, whether earlier in the game/practice or 
earlier in the season, when ligament failure did not occur. Recent evidence supports the 
importance of the ACL’s loading history in the failure risk of the ligament.36 The ACL has been 
shown to be susceptible to a material fatigue failure mechanism whereby the ACL tissue failed 
after being loaded repetitively by a series of single-leg pivot landings.36 The most common mode 
of ACL failure was a partial tear of the PL fibers near its femoral ‘enthesis’.36 Similar ACL 
rupture pattern have been reported both in vitro42 and in vivo.63,68,80 Although most research 
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efforts have focused on the single event when ACL failure appears to occur, recent research from 
our laboratory suggests that the ACL’s loading history may also be a significant contributor to 
injury risk.36 Further research is therefore needed to understand the mechanism of the ACL 
fatigue failure, the factors influencing the fatigue life of the ACL (Chapter 3), and the reasons for 
the vulnerability of the ACL’s femoral enthesis to failure, especially that of the PL fibers during 
pivot landings (Chapters 4-5). 
 Numerous contributing factors to ACL injury risk exist, including extrinsic and intrinsic 
factors. Extrinsic factors include factors that relate to the environment in which an individual 
sustains the injury, such as type of shoe and/or playing surface. For example, ACL injury rates in 
the NFL were found to be 67% higher on artificial surfaces (FieldTurf) than on natural grass 
surface.23 This may be due to greater shoe-turf frictional torques developed on artificial surfaces 
that apply larger torques to the knee, and thus lead to ACL injuries. For example, during a 
controlled axial rotation of the lower leg, greater axial torques were produced on artificial grass 
with sand/rubber infill in comparison with natural grass, as well as in soccer shoes with blade-
type cleats in comparison with stud-type cleats.66 
 More frequently investigated are intrinsic factors which are factors that relate to the 
individual sustaining the injury, as opposed to risk factors in the environment. Scientists and 
clinicians have examined such intrinsic factors as joint anatomy,41 genetics,52 hormones,76 and 
neuromechanics of athletic maneuvers.41 Anatomical factors include knee joint morphology, 
which has been found to be different between healthy and ACL-injured knees. Specifically, 
ACL-injured knees have a larger posterior-directed slope of the tibial plateau,11,58,67,70,71,73,82 a 
shallower medial tibial plateau,22 and a smaller femoral intercondylar notch.64,67,72,83 In fact, a 
greater slope of the lateral tibia and a smaller ACL cross-sectional area have been found to 
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increase ACL strain in vitro,35 which appears to explain, in part, the role of anatomical factors in 
ACL injury risk. Genetic factors include the gene (COL1A1) that encodes for a major chain that 
makes up type I collagen (the ACL’s main structural component), which is associated with ACL 
injury risk.51,52 Hormonal factors include estrogen levels, which are known to affect the 
metabolic32,33,37,62,78,79 and structural65,77 properties of the ACL and muscle stiffness.4,5,49,50,61 
Lastly, neuromechanical factors include both neuromuscular and biomechanical components, 
such as muscle activation patterns and joint rotations, translations, forces, and torques during 
injurious, noninjurious, and cadaver-modeled athletic maneuvers (e.g., single-leg pivot landings). 
A combination of knee axial compression force, knee flexion moment, internal tibial torque, and 
knee abduction moment is the ‘worst-case’ loading scenario for the ACL, as tested in vitro and in 
silico.14,45,47,55,60 These kinetic variables and muscle activation patterns, however, have not been 
measured in vivo during injurious scenarios due to methodological and ethical constraints. Only 
kinematic variables have been measured in actual in vivo injury events (from video sequences), 
with knee abduction and internal tibial rotation identified as important elements of injury.7,29,48 
As stated earlier, the reliability of such video-based image analyses is questionable, and therefore 
must be interpreted with caution. 
 While many factors contributing to injury risk have been investigated, attention has 
mostly focused on the knee joint. The mechanics of the hip joint, however, may also contribute 
to injury risk. For example, a limited passive range of internal rotation at the hip, as seen in some 
femoroacetabular impingement (FAI) patients, has been correlated with ACL ruptures in soccer 
and football players.3,16,17 It is unknown, however, how limited hip internal rotation increases 
ACL injury risk (Chapter 2). 
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 Although advances have been made in understanding the mechanism of ACL injuries in 
the last few decades, many questions remain unanswered. We do not know (1) why athletes with 
a restricted range of hip internal rotation are more prone to ACL injuries (Chapter 2); (2) whether 
such a limitation in hip internal rotation can increase the ACL’s susceptibility to a fatigue failure 
via repetitive loading (Chapter 3); (3) why the ACL ruptures more frequently near its femoral 
enthesis (Chapter 4); and (4) and why the PL fibers appear to be more susceptible to injury than 
the AM fibers during pivot landings (Chapter 5). A better understanding of why and how ACL 
injuries occur is needed before screening and prevention strategies can improve, and thus before 
injury rates can decrease. 
1.3 Overall Objective and Working Hypothesis 
 The overall objective of this dissertation is to elucidate the noncontact ACL injury 
mechanism for which ACL loading history, limited range of hip internal rotation, and the 
geometry and microscopic anatomy of the ACL’s entheses are contributing factors to peak ACL 
strain and/or injury risk. The central hypothesis is that the ACL fails under repeated loading, 
with limited range of hip internal rotation reducing ACL fatigue life. Decreased terminal hip 
internal rotation is compensated by greater axial motion at the knee (i.e., internal tibial rotation), 
thereby increasing ACL strain. Internal tibial rotation is known to strain the ACL during pivot 
landings.46,47 Outcomes of this work should help explain the ACL fatigue mechanism, including 
the role of limited range of hip internal rotation and the microscopic anatomy of the ACL 
entheses, and therefore guide the improvement of injury prevention efforts. 
1.4  Dissertation Structure including Specific Aims, Hypotheses, and Significance 
 To accomplish the overall objective of this work, four sets of hypotheses were tested in 
Chapters 2-5. 
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 Chapter 2. Using an in vitro knee loading model, we determined the effect of limited 
range of internal femoral rotation and sex on peak ACL strain during a simulated single-leg pivot 
landing. We hypothesized that as the available range of internal femoral rotation decreased, the 
magnitude of peak ACL strain would significantly increase. It was also hypothesized that the 
female knee specimens would exhibit greater peak ACL strain, in comparison with the male knee 
specimens, regardless of the range of internal femoral rotation. The significance is that 
establishing an inverse relationship between the available range of internal femoral rotation and 
peak ACL strain during cadaver-simulated pivot landings will help explain why athletes with 
limited range of hip internal rotation are at greater risk of sustaining an ACL injury. As such, 
athletes could be screened for such a restriction in axial hip rotation, as part of ACL injury 
prevention programs, and possibly treated. This would reduce their risk of ACL injury by 
reducing ACL strain during athletic maneuvers like the pivot landing. ACL-injured individuals 
could also be evaluated to help prevent subsequent injuries to the reconstructed ACL and the 
contralateral ACL. Results of this aim will also help explain why women sustain more ACL 
injuries than their male counterparts. 
 Chapter 3. Using the in vitro model presented in Chapter 2, we determined the effect of 
limited range of internal femoral rotation, sex, and knee morphology on ACL fatigue life during 
repetitive simulated single-leg pivot landings. We hypothesized that the risk of ACL failure 
would be significantly greater with limited range of internal femoral rotation than with 
unrestricted rotation. It was also hypothesized that the female knee specimens would have a 
higher risk of ACL failure than the male specimens. The significance is that showing that the 
number of loading cycles required to fail the ACL is greater in a cadaver model with unrestricted 
internal femoral rotation than in a model with limited rotation would strongly suggest that the 
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ACL can fail due to repetitive loading (fatigue). Furthermore, it would suggest that limited axial 
hip rotation can significantly reduce the fatigue life of the ACL, and thus increase risk of ACL 
injury. Findings of this chapter should also help explain why women are at a greater risk of ACL 
injury than men if the number of loading cycles required to fail the male ACL is found to be 
greater than that of the female ACL. Hence, it should lead to improved injury prevention 
programs. 
 Chapter 4. To understand why the majority of ACL ruptures occur near the femoral 
origin of the ACL, we investigated the microscopic anatomy of the human ACL femoral and 
tibial entheses by means of quantitative histological analyses. We tested the null hypothesis that 
there would be no difference in the amount of fibrocartilage (calcified and uncalcified) or the 
ligament entheseal attachment angle between the femoral and tibial entheses. The significance is 
that determining whether histological and morphologic differences exist between the femoral and 
tibial entheses will help explain why the ACL ruptures more frequently near its femoral enthesis. 
If no differences are found, for instance, differences in other factors, such as tissue material 
properties, may be responsible for the susceptibility of the ACL femoral enthesis to injury. 
 Chapter 5. To understand why the PL fibers of the ACL appear to be more susceptible to 
injury than the AM fibers during pivot landings, we performed a secondary analysis of the 
femoral enthesis data presented in Chapter 4 and also compared the profile of the femoral 
entheseal tidemark between paired specimens (i.e., specimens from the same donor). We tested 
the null hypotheses that there would be no regional differences in the amount of fibrocartilage or 
in the ligament entheseal attachment angle within the femoral enthesis. We tested the secondary 
hypotheses that all entheses would have the same general tidemark surface shape and that 
tidemark shape would be correlated between paired specimens. The significance is that 
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determining regional differences in the microscopic anatomy within the femoral enthesis should 
provide the first insights into the mechanism underlying isolated tears of the PL fibers. It will 
help explain why the ACL tends to rupture near the femoral enthesis of the PL fibers, as opposed 
to that of the AM fibers, during pivot landings. Furthermore, a bilateral comparison of the shape 
of the femoral entheseal tidemark surfaces will provide a baseline measure of intra-subject 
variability, which will provide a basis for future research aimed at investigating histological 
evidence of entheseal injury. When assessing the histology of an ACL femoral enthesis loaded in 
an in vitro knee loading model, for example, it would be beneficial to know whether bilateral 
differences are normal or reflect entheseal injury incurred during growth or later in life. 
 Chapters 6-8. A general discussion that draws together the findings from Chapters 2-5 
and interprets them within the context of what is known in the literature is presented in Chapter 
6. Novel insights are also described within the context of the methodological limitations. In 
Chapter 7, the main conclusions from the dissertation are drawn in a concise format. Existing 
knowledge gaps are identified in Chapter 8, along with suggestions for further research for 
students interested in these topics. 
 Appendices. Appendix A presents the detailed methods used for the lower limb 
computational model in Chapter 2. Appendix B comprises a collection of the histological images 
of all femoral and tibial entheses of the 15 human ACLs. Lastly, the comprehensive datasets 
from Chapters 2-5 are gathered in Appendix C for use by future investigators. 
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CHAPTER 2 
DOES LIMITED INTERNAL FEMORAL ROTATION INCREASE PEAK ANTERIOR 
CRUCIATE LIGAMENT STRAIN DURING A SIMULATED PIVOT LANDING? 
 
This chapter is published and should be referred as: 
Beaulieu ML, Oh YK, Bedi A, Ashton-Miller JA, Wojtys EM. (2014) Does limited internal 
femoral rotation increase peak anterior cruciate ligament strain during a simulated pivot 
landing? Am J Sports Med, 42(12), 2955-63. 
 
2.1 Abstract 
 Many factors contributing to anterior cruciate ligament (ACL) injury risk have been 
investigated. Recently, some ACL-injured individuals have presented with a decreased range of 
hip internal rotation compared with controls. The pathomechanics of why decreased hip range of 
motion increases risk of ACL injury have not yet been studied. We hypothesized that peak 
relative strain of the anteromedial bundle of the ACL (AM-ACL) during a simulated single-leg 
pivot landing is inversely related to the available range of internal femoral rotation. 
 A series of pivot landings were simulated in 10 female and 10 male human knee 
specimens with a testing apparatus that applied a two-bodyweight impulsive load, inducing knee 
compression, flexion moment, and internal tibial torque. The range of internal femoral rotation 
was (1) locked at ~0°, (2) limited with a hard stop to ~7°, (3) limited with a hard stop to ~11°, or 
(4) free, with rotation resisted by two springs to simulate the resistance of the active hip rotator 
muscles to stretch. The AM-ACL strain was quantified with a differential variable reluctance 
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transducer. A linear mixed model was used to determine whether a significant linear relation 
existed between peak AM-ACL relative strain and range of internal femoral rotation. 
 Peak AM-ACL relative strain was inversely related to the available range of internal 
femoral rotation (R2 = 0.91; p < 0.001), with strain increasing 1.3% for every 10° decrease in 
rotation; this represented a 20% increase in peak relative strain, given an average range of 
femoral rotation of 15° upon landing in healthy athletes. 
 Peak AM-ACL relative strain was inversely proportional to the available range of internal 
femoral rotation during simulated single-leg pivot landings. Decreased range of internal femoral 
rotation results in greater ACL strain and may therefore increase the susceptibility to ACL 
rupture with athletic cutting and pivoting activities. Screening for a limited range of hip internal 
rotation should therefore become a component of not only ACL injury prevention programs but 
also evaluation protocols for those with ACL injuries and/or reconstructions. 
2.2 Introduction 
 Injuries to the anterior cruciate ligament (ACL) continue to occur at significant rates,21,39 
especially in younger females.41 Given that knee osteoarthritis is an expensive sequela of ACL 
injuries,29,30,33 in terms of both financial and health costs, insights are needed to better prevent 
ACL injuries. 
 While many factors contributing to injury risk have been investigated,38 attention has 
focused on the knee joint.15,37,40,46 The mechanics of the hip, however, may also contribute to 
injury risk. For example, a restricted passive range of internal rotation at the hip, mostly 
associated with abnormal proximal femoral or acetabular anatomy,7 has been correlated with 
ACL ruptures and reruptures in soccer players.6,8 Restricted hip internal rotation was defined as 
being less than 30-35°, with ACL-injured and ACL-reinjured soccer players having an average 
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range of 26° and 18°, respectively, compared with 39° in the control group.6,8 A similar 
restriction in range of hip internal rotation has been identified as a contributing factor to ACL 
injury risk in professional American football athletes.2 Specifically, players at the 2012 National 
Football League Combine with a restricted range of internal rotation at the hip were more likely 
to have had sustained an ACL injury that required surgical reconstruction.2 Also, as compared to 
uninjured controls, a group of ACL-injured individuals were found to have a larger cam-type 
femoroacetabular deformity of the femoral head, as measured by the alpha angle,31 as well as a 
greater prevalence of acetabular dysplasia.47 Abnormal hip anatomy therefore may play a critical 
role in increasing ACL injury risk given its prevalence in healthy and pathologic populations. 
For example, femoroacetabular impingement (FAI) is present in 6% to 24% of asymptomatic 
individuals,10,14,16,23,32 in addition to 63% of patients with an intra-articular hip disorders.1 
 The underlying mechanism for an increased risk of ACL injury with restricted terminal 
hip range of motion, however, remains unexplored. We theorized that limiting the available 
range of hip internal rotation will cause an increase in peak ACL strain during athletic 
maneuvers via compensatory axial tibial rotation at the knee joint.27 If hip internal rotation is 
limited by a bony impingement between the acetabular rim and the femoral head-neck junction, 
then rotation at an adjacent joint may have to increase to achieve the desired athletic outcome. 
Hence, the purpose of this study was to quantify the effect of limiting the range of internal 
femoral rotation on peak ACL strain during a simulated single-leg pivot landing. We also 
examined whether sex modulated this peak strain. 
 We used a custom-built in vitro knee testing apparatus17,18,26-28,42-44 to simulate a single-
leg pivot landing under a two-bodyweight (2×BW) impulsive load. To titrate the available range 
of internal femoral rotation, a new femoral rotation device was added to the apparatus whereby 
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the experimenter could set the range of available internal femoral rotation to restrict axial hip 
motion. Such a restriction can occur because of bony contact in hips with abnormal anatomy, 
such as FAI, as well as axial hip motion resisted by pretensed muscles. We used the apparatus to 
test the primary hypothesis that peak strain in the anteromedial bundle of the ACL (AM-ACL) 
would be inversely related to the available range of internal femoral rotation during the landing. 
We also tested the secondary hypothesis that female knee specimens would exhibit greater peak 
AM-ACL strain, in comparison with male knee specimens, regardless of the range of internal 
femoral rotation. 
2.3 Materials and Methods 
 Specimen Procurement and Preparation. To determine the sample size needed to reveal 
statistically significant differences in peak AM-ACL strain among femoral rotation conditions as 
well as between sexes, two-sided paired and unpaired two-sample t-test models (α = 0.05; 1-β = 
0.80)34 were applied to pilot data. These a priori power analyses revealed required total sample 
sizes between 6 and 18 knee specimens. A total of 20 unembalmed knee specimens (10 female, 
10 male specimens) were therefore harvested from 6 female and 6 male human donors (Table 
2.1) acquired from the University of Michigan Anatomical Donations Program, Anatomy Gifts 
Registry and Research for Life. All knee specimens were free of scars indicative of knee surgery, 
free of evidence of joint degeneration, and free of joint deformity. Knee specimens were stored 
in a freezer at –20°C, and each specimen was thawed at room temperature 48 hours before 
dissection. The specimens were dissected until only the joint capsule remained, including the 
ligaments and the tendons of the quadriceps, hamstrings (medial and lateral), and gastrocnemii 
(medial and lateral). The dissected knee was stored in a freezer (–20°C) until testing. Each 
specimen was removed from the freezer and thawed at room temperature 24 hours before testing. 
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Immediately before testing, the femur and tibia were cut 20 cm proximal and distal of the joint 
line, respectively, to standardize the length of the specimen. Then, each bone extremity was 
potted in polymethylmethacrylate as previously described.18 
Table 2.1  Demographic data of the donors of knee specimens testeda 
Sex Age (yrs) Height (m) Mass (kg) BMI (kg/m2) 
Female (n=10b) 55.2 ± 10.5 1.67 ± 0.06 60.5 ± 8.3 21.6 ± 3.1 
Male (n=10b) 59.9 ± 6.6 1.77 ± 0.05 81.3 ± 8.2 25.9 ± 2.3 
aValues are represented as average ± 1 SD. BMI, body mass index. 
bThere were 10 knee specimens harvested from 6 donors. 
 Experimental Design and Protocol. A cross-sectional repeated-measures design (block 
order, A-B-C-D-E-A) (Table 2.2) was used to test the hypotheses. Each testing session began 
with five trials for which only an impulsive compression force and knee flexion moment were 
applied (i.e., no axial tibial torque) to precondition the knee specimen. After these 
preconditioning trials, the repeated-measures design, which consisted of six blocks of six trials, 
was executed. The first trial of each block served to precondition the knee, while the subsequent 
five trials were used for analysis. In block B, the femoral rotation device was locked, allowing 
minimal axial femoral rotation. In blocks C and D, the range of internal femoral rotation was 
limited by a hard stop to ~7° and ~11°, respectively. In block E, internal femoral rotation was not 
limited and achieved ~15°. The rationale for the selection of these particular ranges of rotation is 
given in the Discussion. A block of non-pivot trials (block A) was included both before and after 
the main testing sequence (blocks B-C-D-E) (Table 2.2), the data from which were used to 
ensure that the integrity of the knee specimens was not compromised during the testing protocol. 
The sequence of the main testing blocks (B-C-D-E) was randomized. 
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Table 2.2  Testing protocol for each block of trialsa 
Protocol Block Loading Condition Femoral Rotation 
A comp + flex m N/A 
Bb comp + flex m + int tib trq locked 
Cb comp + flex m + int tib trq hard stop at ~7° 
Db comp + flex m + int tib trq hard stop at ~11° 
Eb comp + flex m + int tib trq free 
A comp + flex m N/A 
acomp, compression force; flex m, flexion moment; int tib trq, internal tibial 
torque; N/A : not applicable. 
bRandomized sequence. 
 Knee Testing Apparatus. The single-leg pivot landings were simulated with a modified 
Withrow-Oh apparatus,26 which impacted the distal end of the tibia of an inverted knee specimen 
(Figure 2.1). Specifically, a weight (Figure 2.1, W) was dropped onto the distal end of the knee 
specimen in 15° of flexion from a height that would simulate an impulsive ground-reaction force 
of 2×BW (±10%). This height was determined by trial and error during the preconditioning 
trials. The impact of the weight on the distal end of the knee specimen induced an impulsive 
compression force and knee flexion moment, with and without internal tibial torque (pivot and 
non-pivot trials, respectively), that were measured by the proximal and distal 6-axis load cells 
(Figure 2.1, L). Internal tibial torque was developed by means of a tibial torsion device (Figure 
2.1, T), which could be locked (without tibial torque) or unlocked (with tibial torque). When the 
tibial torsion device was unlocked, the apparatus applied a compressive force, flexion moment, 
and axial torque to the knee via the distal tibia. A novel addition to the apparatus was a proximal 
femoral rotation device (Figure 2.1, R) able to limit the range of axial femoral rotation. This 
device comprised a circular plate that rotated in the transverse plane on a tapered-roller bearing. 
Two pretensioned springs were attached tangentially to the perimeter of the plate via aircraft 
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cables to represent the tensile resistance of active external hip rotator muscles to rapid stretch 
during a pivot landing. To limit internal femoral rotation, a steel stop was inserted into a hole on 
the femoral rotation device to lock it (Table 2.2, block B) or abruptly halt rotation after ~7° 
(Table 2.2, block C) or ~11° (Table 2.2, block D) of internal femoral rotation. The goal of the 
stop was to mimic the bone-on-bone restriction in terminal hip motion secondary to FAI. The 
stop was removed from the device for the trials in block E (Table 2.2), during which femoral 
rotation was resisted by only the springs of the femoral device to represent the resistance of 
active pretensed hip muscles to axial femoral rotation without any bone-on-bone contact; hence, 
no hard stop was present. To simulate dynamic muscle tension and tensile resistance to stretch 
during the landing, tendons of the quadriceps (Figure 2.1, Q), medial and lateral hamstrings 
(Figure 2.1, H), and gastrocnemii (Figure 2.1, G) were attached via cryoclamps to elastic 
structures made of woven nylon cord. The tendon-muscle unit of the quadriceps was 
pretensioned to 180 N, while those of the hamstrings and gastrocnemii were pretensioned to 70 
N before every trial.26 Individual muscle tensions were measured at 2 kHz with five uniaxial load 
cells (Transducer Techniques) attached, in series, to the woven nylon cord and cryoclamps. 
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 Figure 2.1  Sagittal-plane diagram (left) of the in vitro testing apparatus that simulated a single-
leg pivot landing, with a top view (right) of the femoral rotation device, R. The solid portions 
represent the starting position of the specimen and device; meanwhile, the transparent portions 
represent their end position during a trial for which terminal internal femoral rotation was set to 
~7° (block C of the testing protocol). B, position of steel stop for block B of the repeated-
measures protocol (locked); C, position of steel stop for block C of the repeated-measures 
protocol (hard stop at ~11°); G, gastrocnemii tendons; H, hamstring tendons; L, 6-axis load cell; 
Q, quadriceps tendon; R, femoral rotation device; T, tibial torsion device; W, weight dropped. 
Note: positions of steel stops are not to scale to allow better visualization. 
 The 3-dimensional (3D) motions of the femur and tibia were quantified via infrared-
emitting diodes tracked by an optoelectric imaging system (Optotrak Certus; Northern Digital) at 
400 Hz. Three diodes were affixed to the femur segment and to the tibia segment such that they 
defined the three anatomic planes of the knee (sagittal, coronal, and transverse). The 3D 
coordinates of the diodes were used to calculate 3D angles and translations of the knee joint 
during each landing trials. Three-dimensional forces and moments produced at the distal tibia 
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and proximal femur were quantified via two 6-axis force sensors (Advanced Manufacturing 
Technology Inc) (Figure 2.1, L) at 2 kHz. Finally, a 3-mm differential variable reluctance 
transducer (DVRT; MicroStrain Sensing Systems) was affixed to the distal third portion of the 
AM bundle of the ACL to measure ligament elongation. Displacement data were recorded at 2 
kHz. 
 Data Processing. Three-dimensional marker coordinates acquired from the motion 
capture system were low-pass filtered with a Butterworth filter (4th order, 20-Hz cutoff 
frequency). From the 3D coordinates of the six markers as well as those of the knee’s origin 
(roof of the femoral notch digitized before the landing trials), 3D angles and translations were 
calculated via the method established by Grood and Suntay.9 Femoral rotation was defined as 
rotation of the femur relative to the testing apparatus, whereas tibial rotation was defined as 
rotation of the tibia relative to the femur. Data acquired from all load cells, as well as the 
elongation data acquired from the DVRT, were also low-pass filtered with a Butterworth filter 
(4th order, 70-Hz cutoff frequency). The AM-ACL relative strain (ε) was quantified as ε = (L – 
L0) / L0 × 100, where L0 is the reference interbarb distance of the DVRT and L is the 
instantaneous interbarb distance of the DVRT. The reference length (L0) was defined as the 
interbarb distance of the DVRT at the beginning of each trial. 
 From each trial, peak AM-ACL relative strain was extracted as the main dependent 
variable of interest. Range of internal femoral rotation was set as the independent variable. Last, 
femoral rotational stiffness, range of anterior tibial translation, range of internal tibial rotation, 
peak internal tibial deceleration, and difference between time-to-peak internal tibial and femoral 
rotations were obtained to gain further insight into differences in peak AM-ACL relative strain 
between femoral rotation conditions. A positive value for difference between time-to-peak 
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rotations indicated that peak internal femoral rotation occurred before peak internal tibial 
rotation, whereas a negative value indicated that peak internal tibial rotation occurred first. 
 Statistical Analysis. The hypotheses were tested with a linear mixed model, with range of 
internal femoral rotation, sex of donor, and age treated as fixed effects and knee specimen and 
knee donor as random effects. Age was included in the model to account for differences in this 
variable between the male and female donors given that the tensile properties of the ACL (e.g., 
linear stiffness) have been reported to decrease significantly with age.45 Knee donor was 
included in the model to account for the correlation between paired specimens. The model 
determined whether a significant inverse (linear) relation existed between peak AM-ACL 
relative strain and range of internal femoral rotation. The proportion of variance explained by the 
full model, R2, was quantified with a method recommended by Nakagawa and Schielzeth.24 The 
model also compared peak AM-ACL relative strain between the female and male knee 
specimens. An alpha level below 0.05 indicated statistical significance. 
 Lower Limb Computational Model. To help interpret our findings from a biomechanical 
perspective, we developed a simple computer simulation of an axial impulsive torque applied 
distally to a lower extremity having segmental inertias (see Appendix A). Briefly, the lower 
limb, consisting of a foot, tibia, and femur, was represented by three rigid bodies connected by 
torsional springs to represent the axial rotational stiffnesses of the ankle, knee, and hip passive 
structures and active muscles. To represent the transverse-plane mechanics of a pivot landing, an 
axial impulsive torque of 10 N⋅m was applied in the transverse plane, over 80 milliseconds, 
orthogonal to the longitudinal axis of the foot to create foot angular momentum (see Results). 
The stiffness of the spring representing the hip was then systematically increased from 0.9 to 9.4 
N⋅m/deg in separate trials to cause a systematic decrease in femoral rotation. For each trial, the 
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magnitude and timing of peak intersegmental rotations were then calculated over the first 200 
milliseconds. Tibial rotation, relative to the femur, in the transverse plane was then calculated as 
an outcome measure. 
2.4 Results 
 The temporal behavior of the variables from a representative trial for each axial femoral 
rotation condition is presented in Figure 2.2. For the axial femoral rotation conditions where 
rotation was abruptly limited to ~7° and ~11°, the slope of the axial femoral torque curves 
revealed that the femoral rotation device adequately modeled a hard stop with a bilinear stiffness 
response (Figure 2.2, B-1 and C-1). Specifically, there was low rotational stiffness within the 
available range of motion, with a sudden increase in stiffness at the limit of motion (i.e., when 
the femoral rotation device hit the stop). In contrast, the conditions during which axial femoral 
rotation was either locked or free, a linear stiffness response was observed, with the free rotation 
condition presenting with a more compliant response (Figure 2.2, A-1 and D-1). 
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 Figure 2.2  Sample temporal plots of a representative trial for each axial femoral rotation 
condition: (A) femoral rotation locked; (B) hard stop at ~7° of rotation; (C) hard stop at ~11° of 
rotation; and (D) free femoral rotation. Subplots display (1) compressive force (CF), internal 
femoral torque (IFT), quadriceps force (QF), and knee flexion angle (KFA) and (2) anterior tibial 
translation (ATT), internal femoral rotation (IFR), internal tibial rotation (ITR), and relative 
strain of the anteromedial bundle of the anterior cruciate ligament during a cadaver-simulated 
single-leg pivot landing. Insets in B-1 and C-1 indicate portions of the internal femoral torque 
curve showing the bilinear stiffness response because of the hard stop. All data are from one 
knee specimen (ID No. 20686R). Data are normalized to their peak values (values in 
parentheses). 
 Peak AM-ACL relative strain was inversely proportional to internal femoral rotation 
during the simulated single-leg pivot landings (p < 0.001) (Figure 2.3). Peak AM-ACL relative 
strain was generally largest when the range of internal femoral rotation was abruptly arrested 
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after ~7° and 28.4% larger when femoral rotation was locked than when it was free. 
Furthermore, strong positive relations were also found between peak ACL relative strain and 
femoral rotational stiffness (p < 0.001) (Figure 2.4A), range of anterior tibial translation (p < 
0.001) (Figure 2.4B), range of internal tibial rotation (p < 0.001) (Figure 2.4C), peak internal 
tibial deceleration (p < 0.001) (Figure 2.4D), and the difference between time-to-peak internal 
tibial and femoral rotations (p < 0.001) (Figure 2.4E). Peak ACL relative strain increased as each 
of these variables increased with decreasing femoral internal rotation. 
 
Figure 2.3  Scatter plot of peak relative strain of the anteromedial bundle of the anterior cruciate 
ligament (AM-ACL) versus range of internal femoral rotation quantified for 20 knees under four 
axial femoral rotation conditions (rotation locked, hard stop at ~7° of rotation, hard stop at ~11° 
of rotation, no sudden stop in rotation) during the pivot landings. Data points from the same knee 
specimen are connected with a dashed line. The solid line represents the line of best fit of the full 
linear mixed model, with a slope (βIFRot) of –0.132, which explained 91% of the variance in the 
peak AM-ACL relative strain data. This model predicted peak ACL relative strain with range of 
hip internal rotation, sex, and age of knee donor as fixed effects and with knee specimen and 
knee donor as random effects. IFRot, internal femoral rotation. 
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 Figure 2.4  Scatter plots of peak relative strain of the anteromedial bundle of the anterior 
cruciate ligament (AM-ACL) versus (A) femoral rotational stiffness (B) range of anterior tibial 
translation, (C) range of internal tibial rotation, (D) peak internal tibial deceleration, and (E) 
difference between time-to-peak internal tibial and femoral rotations quantified for 20 knees 
under four axial femoral rotation conditions (rotation locked, hard stop at ~7° of rotation, hard 
stop at ~11° of rotation, no hard stop in rotation) during the pivot landings. In plot E, a negative 
value indicates that peak internal tibial rotation is occurring before peak internal femoral 
rotation, and vice versa. Data points from the same knee specimen are connected with a dashed 
line. The solid lines represent the lines of best fit of the full linear mixed models, including their 
corresponding R2 values. IR, internal rotation. 
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The transverse-plane mechanics of the lower limb computational model revealed that as 
femoral rotation decreased, tibial rotation and torque (relative to the femur) increased (Figure 
2.5C). The model also showed an increase in the difference in time-to-peak tibial rotation 
(relative to the femur) and time-to-peak femoral rotation with decreasing hip resistance (kHip), as 
found in the in vitro data (Figure 2.5D). 
 The female ACL experienced greater peak strain, in comparison to the male ACL, during 
the pivot landings. On average, peak AM-ACL relative strain was 45% larger in the female knee 
specimens than the male specimens, regardless of axial femoral rotation condition (8.69% ± 
3.46% vs. 6.00% ± 3.35%; p = 0.003) (Figure 2.3). However, restricting femoral range of 
rotation did not appear to differentially affect the female knee specimens more than the male 
knee specimens (Figure 2.3). 
 Last, no differences in peak AM-ACL relative strain were found between the two non-
pivot blocks of trials (Table 2.2, block A), which occurred before and after the experimental 
blocks (before: 3.78 ± 2.03% vs. after: 3.52 ± 1.90%; p = 0.106). That result confirmed that the 
integrity of the knee specimens was not compromised during the testing protocol. 
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 Figure 2.5  Simulation of axial impulsive torque applied distally to a simple lower limb model, 
including resulting mechanics. (A) The lower limb was modeled with three rigid bodies (femur, 
tibia, foot) attached to each other by springs (kKnee, kAnkle). The end of a third spring (kHip) was 
attached to the femur, with its other end fixed. The torsional stiffness of kHip was systematically 
varied, while that of kKnee and kAnkle remained constant. An axial torque of 10 Nm was applied to 
the foot. (B) With a compliant spring (i.e., low kHip stiffness), larger peak femoral rotation and 
smaller peak tibial rotation were observed. Femoral rotation peaked shortly after tibial rotation, 
as shown in D (dark gray shaded area). In comparison, a stiff spring (i.e., high kHip stiffness) 
resulted in smaller peak femoral rotation and larger tibial rotation. Femoral rotation peaked much 
longer after tibial rotation, as shown in D (light gray shaded area). This difference in time-to-
peak tibial and femoral rotation is shown in D as the gray shaded areas between the vertical lines, 
which represent time of peak rotation for each segment and condition. (C) As peak femoral 
rotation increased, peak tibial rotation decreased. Note: femoral rotation is defined as the 
absolute angle of the femur, whereas tibial rotation is defined as the angle of the tibia relative to 
the femur. 
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2.5 Discussion 
 This study presents a cause-and-effect relation between limiting internal femoral rotation 
and ACL strain during dynamic 3D knee loading. The literature reveals a relation between range 
of passive axial hip motion and ACL injury risk.2,6 It is not clear, however, whether a lack of 
range of hip motion leads to an increase in risk of ACL injury or whether an ACL injury leads to 
a decrease in range of hip motion.6 Furthermore, previous work did not show, or even speculate, 
how decreased hip internal rotation may increase ACL injury risk. Our results suggest that when 
the range of hip rotation is abruptly limited by a hard stop (modeling FAI), peak ACL strain 
increases and thus ACL injury risk during athletic maneuvers such as single-leg pivot landings. 
 Our primary hypothesis—that peak AM-ACL relative strain would increase as the range 
of internal femoral rotation decreased—was supported. According to our statistical model, peak 
ACL relative strain increased 1.3% with every 10° decrease in femoral rotation with a hard stop. 
Given an average range of internal femoral rotation of 15° upon landing,11 this amounts to a 20% 
relative increase in peak ACL strain. For example, an athlete presenting with FAI with a 10° 
deficiency in internal femoral rotation would systematically experience 20% more peak ACL 
strain during a landing than a healthy athlete. 
 Because we limited the range of internal femoral rotation by adding a hard stop to our in 
vitro landing to simulate the most commonly observed scenario of FAI or femoral retroversion, 
we believe that it is the result of the increase in femoral rotation stiffness (via the stop, which 
abruptly decreased axial femoral rotation), the increase in peak internal tibial deceleration, and 
the increase in the timing difference between peak internal tibial and femoral rotations that 
caused the increase in peak ACL strain. As illustrated in Figure 2.4A, peak ACL relative strain 
increased as femoral rotational stiffness increased. Also, abruptly arresting internal femoral 
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rotation appears to cause internal femoral rotation to reach its terminal range of motion sooner in 
relation to internal tibial rotation and peak internal tibial deceleration to increase, thereby 
increasing internal tibia rotation and coupled anterior tibial translation, and thus peak ACL 
relative strain (Figure 2.4, B-E). This explains why peak AM-ACL relative strain was generally 
largest when the range of internal femoral rotation was abruptly arrested after ~7°, not when it 
was locked. When femoral rotation was limited to ~7°, peak internal tibial deceleration and the 
difference in time-to-peak internal tibial and femoral rotations had, on average, the greatest 
values. 
 The increase in anterior tibial translation with decreasing internal femoral rotation was 
most likely due to coupled tibial motion of this translation with axial tibial rotation,20,28 as well 
as an increase in peak quadriceps force. In part because of the geometry of the tibial plateau, 
including the larger posteriorly directed slope of the lateral plateau in comparison with the 
medial plateau,12 the center of axial rotation is located in the knee’s medial compartment.22,25 As 
the tibia rotates internally in relation to the femur under a compressive load and an internal tibial 
torque, the lateral plateau and geometric center of the plateau translate anteriorly, thus producing 
both internal tibial rotation and anterior tibial translation. In addition to this coupled tibial 
motion, the quadriceps force, whose peak increased 148 N, or 12% on average from the free to 
the locked femoral internal rotation condition, may have played a role in the increase in anterior 
tibial translation via the patellofemoral reaction force. Given that anterior tibial translation and 
internal tibial rotation are known to strain the ACL, it is likely that this increase in axial rotation 
and translation at the knee joint caused the increase in measured peak ACL strain. We 
acknowledge that, in vivo, various combinations of forces and torques can contribute to an 
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increase in peak ACL strain and to ACL injury and that the mechanism simulated herein 
represents one sequence of events. 
 Our interpretation of the in vitro knee mechanics during the pivot landings was supported 
by the lower limb model simulations (Figure 2.5 and Appendix A). The 3–rigid body 
computational model clearly illustrates how decreasing axial femoral rotation, by increasing the 
torsional spring stiffness representing the hip joint, increased peak tibial rotation in relation to 
the femoral segment. With a compliant spring, the femur reached the terminal range of motion 
long after the tibia did in relation to the femur. As spring stiffness was increased, time to 
terminal range of axial motion of the femur approached that of the tibia, thereby producing 
greater rotation at the torsional spring representing the knee. 
 Our secondary hypothesis that the female ACL would exhibit greater peak strain than the 
male ACL, regardless of the range of internal femoral rotation, was also accepted. Differences in 
peak ACL relative strain under similar relative loads (i.e., %BW) between sexes are likely a 
contributing factor to the higher ACL injury rate in women.41 These sex-based differences in 
ACL strain were likely attributed to sexual dimorphism in ACL size and/or knee joint structure 
given that the initial knee kinematics and knee loading conditions, including muscle preloads, 
were not simulated differently for the female and male knee specimens. In a recent study, Lipps 
et al.17 found the smaller cross-sectional area of the female ACL and the steeper posteriorly 
directed slope of the female lateral tibial plateau to be mainly responsible for sex differences in 
peak AM-ACL relative strain in knee specimens subjected to a similar impulsive loading 
scenario. In addition to its smaller size, the female ACL has a lower strain to failure, stress at 
failure, and modulus of elasticity,5 which are most likely due to ultrastructural differences.13 
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Without accounting for sex differences in neuromuscular control, it appears that the female ACL 
is at greater risk of injury owing, in part, to greater peak ACL strain than the male ACL. 
 The four conditions of internal femoral rotation were selected to include values ranging 
from minimal femoral rotation (Table 2.2, block B) to free femoral rotation (Table 2.2, block E). 
The range of internal femoral rotation of this latter condition was based on Hart et al.,11 who 
reported an average of 14.9° of hip internal rotation in female and male collegiate soccer players 
during a single-leg landing. The values selected for blocks B through D allowed for a relation 
between range of internal femoral rotation and peak AM-ACL strain to be established without 
compromising the integrity of the ACL by executing too many loading trials. The values were 
selected to provide a spectrum of limited ranges of rotation. 
 Several limitations of the present study are acknowledged. First, knee specimens from 
older donors were tested. Results therefore cannot necessarily be generalized to younger 
populations, in which ACL injuries occur most frequently.36 We believe, however, that similar 
qualitative results would be found in younger specimens, even if the quantitative results would 
most likely differ owing to changes in structural and mechanical properties of the ACL with 
age.45 Second, relative strain was measured only in the distal third of the AM bundle of the ACL. 
It was not possible to attach an additional DVRT to the posterolateral bundle without 
compromising the integrity of the knee joint, especially the posterior joint capsule, or causing 
measurement error because of contact between the strain transducer and the knee structures. 
Previous work has demonstrated, however, that strain measured in the AM bundle of the ACL is 
representative of that in the entire ligament.3,4,19 Third, absolute ACL strain could not be 
measured, but rather relative strain was quantified and compared between conditions. Given that 
the preloading condition and initial knee specimen position were the same for all internal femoral 
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rotation conditions, we believe that peak AM-ACL relative strain did indeed allow for valid 
intra-condition peak strain comparison. In addition, the sequence of the internal femoral rotation 
conditions was randomized, which eliminated any effect that previous conditions may have had 
on the reference interbarb distance of the DVRT. Fourth, an ankle joint was not included in our 
cadaveric model. The loads induced at the distal tibia by the simulated landing may therefore be 
overestimated because the ankle joint can absorb energy during the landing.35 In our opinion, the 
lack of an ankle joint actually strengthens this study because it allows one to minimize 
confounding variables in the cadaveric model. Fifth, although tension of the major knee muscles 
and their tensile resistance to stretch during the landing were represented in the in vitro model, 
only their monoarticular actions were simulated (along with the monoarticular actions of the hip 
external rotator muscles). Sixth, this work addresses only the effect of limited range of internal 
femoral rotation because of a sudden stop, as someone with FAI may experience because of 
bone-on-bone contact. It does not simulate limited rotation because of a volitional increase in 
muscle tension during the rotation, for example, which may cause a smaller peak internal tibial 
deceleration as the femur encounters increasing resistance to internal rotation. Last, an 
interaction term was not included in our statistical model to evaluate whether the effect of the 
range of femoral internal rotation on peak AM-ACL strain was dependent on sex of the donor. 
We did not want to decrease the statistical power of our model by including such a term, because 
this was beyond the scope of this study. Also, data presented in Figure 2.3 provide no qualitative 
evidence that such an interaction exists. 
 There are two clinical implications from our study. First, it matters where the femur is in 
its range of internal femoral rotation when ground contact occurs during a landing or cut 
maneuver. The closer the femur is to its terminal range of internal rotation, the more likely it is 
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that bone-on-bone contact will occur between the femur and the acetabular rim, thereby 
decreasing femoral rotation and increasing peak ACL strain. This may offer justification for 
physical therapy for FAI and rehabilitation to improve the functional range of motion available at 
the hip even in the absence of surgical correction of the deformity. Second, screening for 
restricted internal rotation at the hip is advisable for ACL injury prevention programs, as well as 
for evaluation protocols in individuals with ACL injuries and/or reconstructions. With a simple 
examination of passive internal hip range of motion before preseason training, at-risk athletes 
could be identified and targeted for injury prevention interventions. Future research might 
translate our in vitro findings in vivo by prospectively confirming limited hip internal rotation as 
a risk factor for ACL injury. 
2.6 Conclusion 
 Peak AM-ACL relative strain during in vitro pivot landings was inversely related to the 
available range of internal femoral rotation. 
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CHAPTER 3 
RISK OF ACL FATIGUE FAILURE IS INCREASED BY LIMTIED INTERNAL 
FEMORAL ROTATION DURING IN VITRO REPEATED PIVOT LANDINGS 
 
This chapter has been submitted for consideration of publication: 
Beaulieu ML, Wojtys EM, Ashton-Miller JA. Am J Sports Med. [In review] 
 
3.1 Abstract 
 A reduced range of hip internal rotation is associated with increased peak ACL strain and 
risk for injury. It is unknown, however, whether limiting the available range of internal femoral 
rotation increases the susceptibility of the ACL to fatigue failure. The purpose of this study was 
to determine the effect of limited range of internal femoral rotation, sex, femoral-ACL 
attachment angle, and tibial eminence volume on in vitro ACL fatigue life during repeated 
simulated single-leg pivot landings. 
 A custom-built testing apparatus was used to simulate repeated single-leg pivot landings 
with a 4-bodyweight impulsive load that induces knee compression, knee flexion and internal 
tibial torque in 32 paired human knee specimens (16 females). These test loads were applied to 
each pair of specimens, with one knee with limited internal femoral rotation and the contralateral 
knee with femoral rotation only resisted by two springs to simulate the active hip rotator 
muscles’ resistance to stretch. The landings were repeated until ACL failure occurred or until a 
minimum of 100 trials were executed. The angle at which the ACL originates from the femur 
and the tibial eminence volume were measured on magnetic resonance images. 
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 The final Cox regression model (p = 0.024) revealed that range of internal femoral 
rotation and sex of donor were important factors in determining risk of an ACL fatigue failure. 
The specimens with limited range of internal femoral rotation had a failure risk 17.1 times higher 
than the specimens with free rotation (p = 0.016). The female knee specimens had a risk of ACL 
failure 26.9 times higher than the male specimens (p = 0.055). 
 Knee specimens with limited range of internal femoral rotation during repetitive in vitro 
pivot landings had a risk of ACL fatigue failure much greater than those with free rotation. 
Screening for restricted internal rotation at the hip in ACL injury prevention programs as well as 
in individuals with ACL injuries and/or reconstructions is warranted. 
3.2 Introduction 
 Injuries to the anterior cruciate ligament (ACL) continue to pose significant health and 
financial burdens due to their short- and long-term consequences,25 especially in young females 
who are at greater risk of ACL injury.34 Although research has long been directed at elucidating 
noncontact ACL injury mechanism(s), the role of repetitive loading has received little attention.28 
Many joints in the human body are susceptible to repetitive loading injuries, including the 
wrist,10 shoulder,3 elbow,9 intervertebral disc,33, and the hip.5 As for the knee and the ACL, the 
current dogma is that injury results from a single loading rather than repetitive loading. However, 
athletes appear to rupture their ACL during maneuvers that they have performed thousands, if 
not millions of times before—maneuvers such as jump landings and plant-and-cut 
movements.16,23 Only recently has evidence emerged of tissue fatigue as an ACL failure 
mechanism: ACL rupture occurred with cyclic loading of a magnitude that if repeated only a few 
times would not injure the ACL.19 Greater impact load and smaller ligament cross-sectional area 
were identified as contributing factors to ACL fatigue injury risk.19 Similar failures due to tissue 
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fatigue have been reported in the leporine medial collateral ligament37 and the human extensor 
digitorum longus tendon.26 
 It appears that deterioration of the mechanical properties due to tissue microdamage is the 
mechanism by which ligaments and tendons fail under cyclic loading. For example, stiffness of 
the medial collateral ligament decreased both in vivo in humans and in vitro in rats, which was 
found to correlate with a reduction in strength of the ligament, following cyclic loading.35 
Although tendons can repair and adapt to loading, their ability to do so deteriorates when tissue 
damage is too severe.1 This may also be true for ligaments given their similar collagen 
composition to tendons.2 Consequently, loading the ACL at a magnitude and frequency that 
exceed its ability to repair and adapt can result in damage accumulation, and thence failure. 
 Even if one accepts the concept that the ACL can fail via a fatigue mechanism, many 
questions remain. For example, the factors that increase ACL loading magnitude and reduce 
ACL fatigue life remain unknown. Firstly, limited range of internal rotation at the hip has been 
shown to be a contributing factor to ACL injury risk;6,8 might this be due to it reducing the 
ACL’s fatigue life? Restrictions in internal femoral rotation have been shown to increase ACL 
strain during cadaver-simulated single-leg pivot landings.4 Hence, limited hip internal rotation 
might be expected to decrease ACL fatigue life by increasing ligament loading. Secondly, ACL 
injuries frequently occur near the femoral enthesis, especially of the PL bundle,19,29 however the 
reason for this is unknown. It has been posited that the acute angle at which the ACL originates 
from the femur induces a stress concentration at the femoral enthesis, as shown in silico.21 
Thirdly, the size of the tibial eminence could also contribute to injury risk by reducing ACL 
fatigue life because the volume and height of this bony structure were found to be smaller in 
ACL-injured individuals than healthy, uninjured controls.13 Hence, these three factors may 
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contribute to ACL injury risk because they decrease the fatigue life of the ACL by increasing 
ACL load during each loading cycle. 
 The purpose of the study, therefore, was to determine the effect of limited range of 
internal femoral rotation, sex, femoral-ACL attachment angle, and tibial eminence volume on in 
vitro ACL fatigue life during repetitive simulated single-leg pivot landings. This landing model 
is representative of the period in vivo before any accumulated microdamage can be repaired. A 
custom-built in vitro knee testing apparatus4,19,22 was used to simulate single-leg pivot landings 
in paired knees, with one knee from each pair loaded with limited internal femoral rotation and 
the other knee with free femoral rotation. We tested the primary hypothesis that the risk of ACL 
failure would be significantly greater with limited range of internal femoral rotation than with 
free rotation. We also tested the secondary hypothesis that the female knee specimens, as well as 
the specimens with a smaller femoral-ACL attachment angle and a smaller tibial eminence 
volume, would have a higher risk of ACL failure than the male specimens. 
3.3 Materials and Methods 
 Specimen Procurement and Preparation. To determine the sample size required to test 
our hypotheses, two-sided two-group survival analyses based on exponential survival (α = 0.05; 
1-β = 0.80) were performed with pilot data. Because power analyses available for survival data 
are limited to dichotomized data, only range of internal femoral rotation and sex were included 
as independent variables to predict risk of ACL failure. This power analysis provided a 
conservative estimate because it could not account for the presence of paired knees, which have 
greater correlation than unpaired knees. These a priori power analyses revealed a total sample 
size of between 4-17 knee specimens. Given the conservative nature of these power analyses and 
the fact that an equal number of female and male knee specimens was preferred, 16 pairs of 
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fresh-frozen knee specimens, for a total of 32 specimens from 8 male (age = 42.4 ± 16.6 years; 
height = 1.75 ± 0.06 m; mass = 71.3 ± 8.5 kg) and 8 female (age = 47.6 ± 11.1 years; height = 
1.65 ± 0.08 m; mass = 53.5 ± 8.4 kg) donors, were procured for this study. They were procured 
from the University of Michigan Anatomical Donations Program, Anatomy Gifts Registry, 
MedCure, Research for Life, and Science Care. No scars indicative of knee surgery, no evidence 
of joint degeneration, and no joint deformity were present in the procured knee specimens. 
 The knee specimens were stored in a freezer at -20°C until dissection, magnetic 
resonance (MR) imaging, and testing. The specimens were removed from the freezer 48 hours 
prior to dissection and thawed at room temperature. They were dissected down to the knee joint 
capsule, leaving intact its ligaments, as well as the tendons of the quadriceps (rectus femoris), 
medial hamstrings (semitendinosus, semimembranosus, gracilis), lateral hamstrings (biceps 
femoris), medial gastrocnemius, and lateral gastrocnemius. Following dissection, each knee 
specimen was MR imaged, and then mechanically tested on a later day. Immediately prior to 
testing, the proximal femur and the distal tibia and fibula were cut to a length of 20 cm each, 
from the joint line. Then, each bone extremity was potted in polymethylmethacrylate. 
 Experimental Design and Protocol. A cross-sectional, matched-pair design (Table 3.1) 
was used to test the hypotheses. From each donor, one knee specimen was randomly assigned to 
a pivot landing with a limited range of internal femoral rotation and the paired knee specimen to 
a pivot landing with free range of femoral rotation. Each session began with five non-pivot trials 
that served two purposes: (1) precondition the knee specimen; and (2) determine the height from 
which the weight needed to be dropped from the top of the testing apparatus to simulate a jump 
landing with a ground reaction force approximating four times bodyweight (xBW), ± 10%. 
During these preconditioning trials, only an impulsive compression force and knee flexion 
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moment were produced (no axial tibial torque). After this set of trials, pivot trials were executed 
(with internal tibial torque), approximately one minute apart, until ACL failure occurred or until 
a minimum of 100 trials was achieved. For the knees with limited range of femoral rotation, the 
femoral rotation device was locked. For the knees with free range of femoral rotation, the 
femoral rotation device was unlocked. ACL failure was defined as either a macroscopic failure 
of the ligament or a 3-mm increase in cumulative anterior tibial translation, as previously 
defined19 and accepted clinically.7 The presence of macroscopic failure was assessed when a 
sudden increase in the range of anterior tibial translation occurred (≥ 10%, based on pilot work), 
and confirmed, along with injury location, by visual inspection. 
Table 3.1  Testing protocol for each block of trials 
Landing Type Knee Loading Condition Femoral Rotation Number of Trials 
non-pivot compression + flexion moment N/A 5 
pivot compression + flexion moment + internal tibial torque locked or free
a until ACL failure
b 
or a minimum of 100 
aFrom each paired knee specimens, one specimen was randomly assigned to limited femoral 
rotation (locked femoral rotation device) and the other specimen to unrestricted femoral 
rotation (free femoral rotation device). 
bDefined as either a macroscopic failure or a 3-mm increase in cumulative anterior tibial. 
 Magnetic Resonance Imaging. Prior to testing, each knee specimen was placed in a coil 
in full extension and scanned with a 3.0-Tesla MR imaging system (Ingenia model, Philips 
Medical Systems), using a three-dimensional T2-weighted, proton-density sequence with the 
following parameters: repetition time = 1,000 ms; echo time = 35 ms; slice thickness = 0.7 mm; 
pixel spacing = 0.49 x 0.49 mm; spacing between slices = 0.35 mm; field of view = 330 x 200 x 
96 mm (inferior-superior, anterior-posterior, medial-lateral, respectively). 
 From the MR images, the angle at which the ACL originates from the femur, termed here 
the “femoral-ACL attachment angle”, and the volume of the tibial eminence were measured 
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using OsiriX software (version 4.1.2, www.osirix-viewer.com). For the femoral-ACL attachment 
angle, the images were reconstructed to create oblique-sagittal and oblique-frontal planes, which 
ran parallel to the longitudinal axis of the ACL. In the oblique-sagittal view, the oblique-frontal 
slice running through the mid-portion of the ACL was identified (red line, Figure 3.1A). From 
that oblique-frontal slice, the femoral-ACL attachment angle was measured. Specifically, the 
angle between (1) a line drawn along the edge of the lateral femoral condyle where the ACL 
inserts and (2) a line along the longitudinal axis of the proximal 25% of the ACL was calculated 
(α, Figure 3.1A). For the tibial eminence volume, all frontal-plane slices in which this structure 
was present were identified. From these slices, the area of the tibial eminence that was proximal 
of a line connecting the most superior points of the medial and lateral tibial plateau was outlined 
(Figure 3.1B). Tibial eminence volume was calculated by OsiriX, which multiplied, for each 
slice, the outlined area by the sum of slice thickness and slice spacing and then added each slice 
volume to obtain total volume. The intraclass correlation coefficients for the MRI measurements 
were excellent, with 0.78 for the femoral-ACL attachment angle and 0.88 for the tibial eminence 
volume. 
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 Figure 3.1  (A) Example of the femoral-ACL attachment angle measurement. Left: oblique-
sagittal MR image showing the location of the oblique-frontal slice (red line, at mid-portion of 
the ACL) that was used to measure the angle. Right: oblique-frontal MR image showing the 
definition of the femur-ACL attachment angle (α). (B) Example of the tibial eminence (TE) 
measurement. Frontal plane MR image showing the outlined area of the TE, which was 
multiplied by the sum of the slice thickness and slice spacing to obtain each slice’s TE volume. 
Total TE volume was calculated by taking the sum of the TE volume of all slices. 
 Knee Testing Apparatus. The dissected and imaged knee specimens were inverted and 
mounted in a modified Withrow-Oh testing apparatus22 in 15° of knee flexion. This apparatus 
simulated a single-leg pivot jump landing with a ground reaction force approximating 4x 
bodyweight by impacting the distal end of the tibia and producing an impulsive compression 
force, knee flexion moment, with and without internal tibial torque (pivot and non-pivot trials, 
respectively, Table 3.1). Specifically, a weight (Figure 3.2) was dropped onto the tibia from a 
height that was determined by trial-and-error during the non-pivot trials. Loading forces and 
moments were measured by two 6-axis load cells located at the distal tibia and the proximal 
femur (Figure 3.2, L). Internal tibial torque was produced with a tibial torsion device (Figure 
3.2), which was either locked to simulate a non-pivot landing or unlocked to simulate a pivot 
landing.4 Axial femoral rotation was controlled by a novel femoral rotation device (Figure 3.2) at 
the proximal end of the femur. As previously described,4 it consisted of a circular plate, which 
rotated in the transverse plane, and two pre-tensioned springs to resist axial rotation. To model 
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limited internal femoral rotation, the femoral rotation device was locked with a steel stop. To 
model unrestricted rotation, the steel stop was removed from the device to allow free femoral 
rotation. In this condition, rotation was only resisted by the femoral rotation device’s springs, 
which simulated the tensile resistance of the hip rotator muscles to stretch. Knee muscle tension 
and tensile resistance to stretch were modeled by means of pretensioned elastic structures (i.e., 
woven nylon cord) connected to the tendons of the quadriceps and medial and lateral hamstrings 
and gastrocnemii with cryoclamps (Figure 3.2). Before every trial, the quadriceps muscle-tendon 
unit and the hamstrings and gastrocnemii muscle-tendon units were pretensioned to ~180 N and 
~70 N, respectively. Tension of the muscle-tendon units were measured at 2 kHz by five uni-
axial load cells (Transducer Techniques) attached, in series, to the woven nylon cords and 
cryoclamps. 
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 Figure 3.2  Sagittal plane diagram of the in vitro testing apparatus used to simulate single-leg 
pivot landings (left) and a top view of the femoral rotation device (right). The position of the 
specimen and device at peak relative internal femoral rotation during the trials with limited and 
free femoral rotation is represented by the solid and transparent portions of the diagram, 
respectively. L: 6-axis load cell. 
 Tibiofemoral kinematics were recorded at 400 Hz via an optoelectronic imaging system 
(Optotrak Certus, Northern Digital) that tracked the three-dimensional (3D) location of six 
infrared-emitting diodes. Three diodes were affixed to the femur segment, with three other 
diodes affixed to the tibia segment, in a configuration that defined the sagittal, coronal, and 
transverse planes of each segment. The 3D coordinates of the femoral and tibial diodes were 
used to quantify the knee rotations and translations. Meanwhile, 3D forces and moments 
produced at the distal tibia and proximal femur were recorded at 2 kHz via two 6-axis force 
sensors (Figure 3.2, L) (Advanced Manufacturing Technology Inc). 
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 Data Processing. The 3D coordinates of the infrared-emitting markers, as acquired by the 
motion capture system, were low-pass filtered using a Butterworth filter (4th order, 20 Hz cutoff 
frequency). From the markers’ 3D coordinates, in addition to the coordinates of the knee’s 
origin—defined as the roof of the femoral notch and digitized prior to the landing trials, 3D 
rotations and translations were calculated using the method described by Grood and Suntay.12 
Femoral rotation was defined with respect to the testing apparatus; whereas tibial rotations and 
translations were defined with respect to the femur. Kinematic data were calculated as relative 
and/or cumulative changes in rotations and translations. A “relative” measurement was defined 
relative to the data point at time 0 (initial contact) of the trial of interest. A “cumulative” 
measurement was defined relative to the data point at time 0 of the first pivot trial. All load cell 
data were also low-pass filtered with a Butterworth filter (4th order, 70 Hz cutoff frequency). 
 The main outcome measure was the number of trials executed until ACL failure occurred 
or until a minimum of 100 pivot trials was reached. From each trial, peak relative internal 
femoral rotation was extracted as the main independent variable. Peak relative and cumulative 
anterior tibial translations were also extracted to assist in determining ACL failure. 
 Statistical Analysis. The hypotheses were statistically tested by means of Cox regression 
models with shared frailty (to account for paired knee specimens). Specifically, the primary 
hypothesis was tested with a model that predicted ACL failure risk with internal femoral rotation 
(dichotomized and coded as 1 = free and 2 = locked) as the predictor variable. The secondary 
hypothesis was tested with the full model, which included internal femoral rotation, sex of 
donor, femoral-ACL attachment angle, and tibial eminence volume as the predictor variables. 
Lastly, a final model was selected based on the variables that best predicted risk of ACL failure. 
An alpha level below 0.05 indicated statistical significance. 
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3.4 Results 
 Eight of the 32 knee specimens that were tested failed during the repetitive pivot 
landings: 7 specimens loaded with limited internal femoral rotation (“locked” condition) and 
merely 1 specimen loaded with free rotation. The failed specimens included 5 female knees, 
which failed in 15 ± 13 loading cycles and 3 male knees, which failed in 84 ± 41 cycles. There 
was 1 complete ACL tear, 2 partial ACL tears, 2 permanent elongation failures, and 3 tibial 
avulsions (Table 3.2). On average, 3.3 ± 0.6° and 14.1 ± 2.5° of internal femoral rotation 
occurred during the pivot landings with limited and free rotation, respectively. During the non-
pivot trials, the mean landing force was approximately 4xBW for both groups (locked: 4.2 ± 
0.4xBW, free: 4.2 ± 0.2xBW). During the pivot trials, the mean landing force and internal tibial 
torque were 5.0 ± 0.7xBW and 31.3 ± 5.9 Nm, respectively, for the specimens loaded with 
limited internal femoral rotation and 4.5 ± 0.5xBW and 27.8 ± 5.5 Nm, respectively, for those 
loaded with free rotation. 
Table 3.2  List of the specimens tested, status of internal femoral rotation, number of cycles to 
failure, description of the failure pattern, and morphological data 
Specimena 
Internal 
Femoral 
Rotation 
Cycles 
to 
Failureb 
Failure Patternc Femur-ACL Angle (°)d 
Tibial 
Eminence 
Volume (cm3) 
M01149      
Left knee Free --- Did not fail 14.3 1.16 
Right knee Locked 127 Permanent elongation 17.3 1.24 
M01431      
Left knee Locked 80 Permanent elongation 26.4 2.03 
Right knee Free --- Did not fail 23.9 1.98 
F02341      
Left knee Free --- Did not fail 27.3 1.11 
Right knee Locked 38 Tibial avulsion 30.1 1.39 
M02867      
Left knee Free --- Did not fail 19.4 1.27 
Right knee Locked --- Did not fail 30.6 1.54 
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Specimena 
Internal 
Femoral 
Rotation 
Cycles 
to 
Failureb 
Failure Patternc Femur-ACL Angle (°)d 
Tibial 
Eminence 
Volume (cm3) 
F10496      
Left knee Locked --- Did not fail 22.3 1.04 
Right knee Free --- Did not fail 19.2 1.03 
F20661      
Left knee Locked 14 Complete tear at femoral enthesis 22.8 1.72 
Right knee Free --- Did not fail 25.9 2.11 
M21514      
Left knee Locked --- Did not fail 27.5 1.40 
Right knee Free --- Did not fail 26.3 1.69 
M22806      
Left knee Free --- Did not fail 30.7 1.41 
Right knee Locked --- Did not fail 25.8 1.12 
M30734      
Left knee Free --- Did not fail 22.7 2.07 
Right knee Locked --- Did not fail 23.7 2.02 
F34422      
Left knee Free --- Did not fail 19.6 1.22 
Right knee Locked --- Did not fail 29.4 1.04 
M34494      
Left knee Locked 45 Partial tear of PL bundle at femoral enthesis 20.9 1.79 
Right knee Free --- Did not fail 23.6 1.83 
F34516      
Left knee Free --- Did not fail 30.4 1.06 
Right knee Locked 7 Partial tear of PL bundle at femoral enthesis and mid-substance 11.9 1.13 
F34568      
Left knee Locked --- Did not fail 14.5 0.88 
Right knee Free --- Did not fail 28.5 1.18 
F40036      
Left knee Locked 6 Tibial avulsion 33.9 1.05 
Right knee Free 10 Tibial avulsion 39.7 1.25 
M40061      
Left knee Locked --- Did not fail 26.3 1.06 
Right knee Free --- Did not fail 32.2 1.33 
F71125      
Left knee Free --- Did not fail 21.1 1.12 
Right knee Locked --- Did not fail 25.2 1.26 
 aM: male donor; F: female donor. 
 bIncludes the five non-pivot trials at the beginning of each testing session. 
 cPermanent ACL elongation was defined as a 3-mm increase in cumulative anterior tibial 
translation relative to the first pivot trial. PL: posterolateral. 
 dSpecimen knee flexion angle in the MR imaging system was standardized, with all specimens 
imaged in full extension. 
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The primary finding of this study is that the knee specimens with limited range of internal 
femoral rotation during repetitive in vitro pivot landings had a risk of ACL failure 8.3 times 
higher in comparison to the specimens with free rotation, when only this predictor variable was 
included in the statistical model (Wald Χ2 = 3.90; p = 0.048) (Table 3.3, Model 1; Figure 3.3). 
The full statistical model, which included internal femoral rotation, sex of donor, femoral-ACL 
attachment angle, and tibial eminence volume, did not significantly predict ACL failure risk 
(Wald Χ2 = 7.82; p = 0.098) (Table 3.3, Model 1). Although internal femoral rotation and sex of 
donor were found to be significant predictors in the full model, femoral-ACL attachment angle 
and tibial eminence volume did not significantly predict ACL failure risk. The best and final 
statistical model, therefore, only included internal femoral rotation and sex of donor as predictors 
of ACL fatigue failure risk (Wald Χ2 = 7.50; p = 0.024) (Table 3.3, Model 3). When accounting 
for sex, risk of ACL failure was 17.1 times higher in the knee specimens loaded with a limited 
range of internal femoral rotation than those loaded with free rotation. When accounting for 
femoral rotation, the female knee specimens had a risk of ACL failure 26.9 times higher than the 
male specimens (Figure 3.3), though this did not reach statistical significance. 
Table 3.3  Results of Cox regression models with shared frailty 
Predictor Variable Hazard Ratio 95% CI P Value 
Model 1   0.048a 
Internal femoral rotation 8.30  1.02 - 67.85 0.048a 
Model 2   0.098 
Internal femoral rotation 13.13  1.32 - 130.96 0.028a 
Sex 8.89  1.17 - 67.72 0.035a 
Femoral-ACL attachment angle 1.12  0.93 - 1.36 0.237 
Tibial eminence volume 9.23  0.74 - 114.98 0.084 
Model 3   0.024a 
Internal femoral rotation 17.09  1.70 - 171.85 0.016a 
Sex 26.93  0.94 - 773.18 0.055 
aStatistically significant. 
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 Figure 3.3  Scatterplot of the range of internal femoral rotation versus the maximum number of 
loading cycles of the knee specimens. A failed ACL is represented by a circle; whereas an intact 
ACL (at the end of the experiment) is represented by a square. The red and blue markers identify 
female and male knee specimens, respectively, with data from each donor connected with a solid 
line. A: tibial avulsion; D: did not fail; E permanent elongation; P: partial ACL tear; T: complete 
ACL tear. 
3.5 Discussion 
 The current dogma that ACL injury results from a single loading cycle, such as a landing 
from a jump, has been challenged recently by evidence supporting repetitive loading, and thus 
fatigue failure of the ACL as the injury mechanism.19 Greater impact load during cadaver-
simulated pivot landings was found to increase risk of ACL injury.19 Hence, we posed the 
question: what factors increase ACL loading magnitude, which would then reduce ACL fatigue 
life because of the inverse relationship between load magnitude and number of loading cycles?19 
Identifying such factors would be of significance in terms of injury prevention and rehabilitation. 
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Our results suggest that constraining the available range of hip internal rotation during single-leg 
pivot landings greatly increases the risk of sustaining an ACL rupture. 
 The primary hypothesis was supported that an in vitro repeated pivot landing model with 
a limited range of internal femoral rotation would have a significantly greater risk of ACL failure 
than that with free rotation. ACL failure risk was more than 8 times greater when internal 
femoral rotation was limited and more than 17 times greater when accounting for sex of donor. It 
is telling that only one knee specimen failed when internal femoral rotation was only resisted by 
springs, whereas 7 specimens failed when femoral rotation was locked. In addition, it is 
noteworthy that all ACLs that failed via a macroscopic tear ruptured at the femoral enthesis, 
especially of the PL bundle. Given the current literature,4,19 this is not surprising. In a similar in 
vitro repeated pivot landing model, landing impact force was found to be related to ACL injury 
risk.19 Specifically, a 1*BW increase in impact force increased injury risk by more than 32-fold, 
with impact force acting as the surrogate measure for ACL stress.19 In fact, many materials are 
known to fail under a number of loading cycles that is inversely related to the tensile stress 
applied to them.17 And most recently, we have shown that peak ACL strain increased in cadaver-
simulated pivot landings as the available range of internal femoral rotation was decreased.4 With 
ACL strain being positively related to ACL stress,24 the results presented in the current study 
were expected. Since ACL strain, and thus ACL stress,24 increased when the available range of 
internal femoral rotation was limited, the number of loading cycles to failure was expected to 
decrease with limited rotation. This may explain why athletes with decreased range of hip 
internal rotation have a greater risk of sustaining an ACL injury.6,8 
 Our results corroborate recently published evidence that the human ACL is susceptible to 
a repetitive loading injury19 and that the femoral enthesis, especially that of the PL bundle, is at 
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risk of injury.19,29 This may explain why athletes seem to rupture their ACL during maneuvers 
that they have performed over and over again.16,23 So-called “fatigue” injuries have been reported 
in the leporine medial collateral ligament37 and the human extensor digitorum longus tendon.26 
High ACL loading magnitudes and/or frequencies may induce tissue damage in vivo that is 
beyond the ACL’s ability to adapt, thus leading to an accumulation of microdamage and then 
failure. Such a mechanism has also been described in rat patellar tendon1 and may also occur in 
the ACL for several reasons: the ACL’s lack of ability to remodel,20 ligaments’ similar collagen 
composition to tendon2, and collagen’s slow turnover rate.32 If the ACL is indeed susceptible to 
fatigue-type failures in vivo, injury prevention efforts should focus on limiting the frequency of 
high ACL loading maneuvers thereby improving the fatigue life of the ACL. This may mean 
improving the functional range of motion available in a hip that has restricted internal rotation to 
reduce ACL loading,4 or reducing the frequency of certain athletic maneuvers known to greatly 
increase load on the ACL, similar to the limit imposed on Little League pitchers in regard to the 
number of pitches allowed per day. Furthermore, the PL bundle may be at greater risk because of 
its significant role in resisting loads, especially internal tibial torque, when the knee is near full 
extension during pivot landings.11,15 Further research is needed to elucidate the reasons for the 
vulnerability of the ACL’s femoral enthesis to failure in comparison to the tibial enthesis. 
 One part of our secondary hypothesis, that the female specimens would have a 
significantly greater risk of ACL failure in comparison to the male specimens, was not 
supported. Although including sex of donor in our statistical model improved it and the female 
ACLs had a risk of failure nearly 27 times greater than the male ACLs, sex of donor failed to 
reach statistical significance by a small margin (p = 0.055). We believe that the small number of 
ACL failures—only 5 female and 3 male ACLs failed out of a total of 32 ACLs—contributed to 
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a lack of statistical power to reveal significant sex differences. However, a shorter fatigue life 
may explain why the ACL injury rate of women is two to five times greater than that of men.31 
The female ACLs were expected to fail in fewer cycles than the male ACLs because of sexual 
dimorphism in ACL size18 and ultrastructure14 and/or knee joint morphology.18 For example, 
Lipps et al.18,19 found not only that female knee specimens have a smaller ACL cross-sectional 
area than male specimens, but also that a smaller ACL cross-sectional area increases risk of a 
fatigue-type failure in a similar in vitro model. ACL cross-sectional area was not included in our 
regression model because we did not want to decrease its statistical power, especially given that 
this variable has already been shown to affect ACL injury risk during in vitro repeated pivot 
landings.19 
 The other part of our secondary hypothesis, stating that femoral-ACL attachment angle 
and tibial eminence volume would have a significant effect on ACL failure risk, was also not 
supported. Although an acute femoral-ACL attachment angle and a smaller tibial eminence 
volume may increase one’s risk of sustaining an ACL injury,21,30 these variables were not found 
to significantly influence risk of ACL failure (Table 3.3, Model 2). With regard to femoral-ACL 
attachment angle, its effect on injury risk may be specific to the type of failure pattern, with a 
smaller angle being a risk factor for partial or complete tears but not for tibial avulsions, for 
example. Thus, pooling the data of all failed knee specimens may have masked any present 
effect. For instance, the knee specimens that failed via a tibial avulsion appeared to have greater 
attachment angles than all other failed specimens (34.6 ± 4.9° vs. 19.9 ± 5.5°, Table 3.2). 
Isolating the specimens that failed via a complete or partial rupture at the femoral enthesis 
revealed smaller angles in these specimens in comparison to those in the specimens that did not 
fail (18.6 ± 5.8° vs. 25.4 ± 9.1°, Table 3.2). Unfortunately, the small number of ACL failures did 
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not allow us to analyze the data based on failure type. Similar data patterns were noticed with the 
tibial eminence volume data, with knee specimens that failed via a tibial avulsion having a 
relatively small volume in comparison to all other failed specimens (1.23 ± 0.17 cm3 vs. 1.58 ± 
0.38 cm3, Table 3.2). We note that an ACL failure via a tibial avulsion is not the most common 
type of ACL injury among the population at greatest risk. This probably stems from the 
specimens having been harvested from older donors (45.0 ± 13.9 years). Hence, pooling the data 
of all failed knee specimens may have masked any present effect of tibial eminence volume. 
Another reason for the lack significant effect may be due to methodological reasons. Recently 
published data revealed that only the volume of the medial tibial eminence was inversely related 
to ACL injury risk, and in males only.30 In the present study, volume was measured for the entire 
tibial eminence. Again, the small number of ACL failures did not allow us to analyze the data 
based on sex of donor. 
 We acknowledge several limitations of the present study. First, we investigated an ACL 
failure mechanism – ligament fatigue – with an in vitro model, which precludes the possibility of 
studying any adaptive biological response. Although the remodeling rate of the human ACL, 
whether intact or partially injured, is unknown, we do know that no remodeling occurs in the 
completely ruptured human ACL20 and that Type 1 collagen has a slow turnover rate.32 For these 
reasons, we believe that the role played by biological healing and remodeling is minimal over 
periods of days or even weeks; and hence, the results obtained from our in vitro model reflect 
behavior before any such remodeling can occur. Second, knee specimens were harvested from 
older donors in comparison to the younger population that sustains ACL injuries most 
frequently27. Hence, results cannot necessarily be generalized to this latter population. We 
believe, however, that the general qualitative trends remain valid, even though the number of 
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cycles to failure may have been underestimated because of the lower quality structural and 
mechanical properties of the older ACL.36 Third, only two internal femoral rotation conditions 
(‘locked’ and ‘free’) were included in our experimental design. But we consider our paired knee 
specimen design one of the strengths of this study because it reduced the effect of inter-specimen 
variability. Although we cannot make definite conclusions about the relation between ACL 
failure risk and other available ranges of internal femoral rotation not tested herein, we have no 
reason to believe that a negative relation would not continue to exist if other available ranges of 
motion that fall within the condition tested (e.g., ~3° to 14°) had been included. This is especially 
true considering a similar relation has been reported between available range of internal femoral 
rotation and peak ACL strain during in vitro simulated pivot landings,4 and that strain affects a 
ligament’s potential for injury.36 Lastly, only the monoarticular actions of the muscles were 
simulated in our in vitro model. 
 Our results confirm previous findings that the human ACL is susceptible to a fatigue 
failure when loaded repeatedly under large loads19. This suggests that limiting the frequency of 
high impact loading cycles and/or improving the fatigue life of the ACL as part of an ACL injury 
prevention program warrants further investigation. Our results also suggest that landing with a 
limited available range of hip internal rotation decreases the ACL’s fatigue life. Hence, 
improving the functional range of motion available at the hip should decrease injury risk. This 
supports the justification for screening for restricted internal rotation at the hip as part of ACL 
injury prevention programs and evaluation protocols for individuals with ACL injuries and/or 
reconstructions. This is particular true for women, because the female knee specimens tended to 
have a greater risk of ACL failure than the male specimens. More research is needed to 
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determine the threshold of restricted range of hip internal rotation below which clinical 
intervention should occur. 
3.6 Conclusion 
 Knee specimens with limited range of internal femoral rotation during repetitive in vitro 
simulated pivot landings had a risk of ACL failure more than 17 times higher than those with 
free rotation. 
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CHAPTER 4 
A QUANTITATIVE COMPARISON OF THE MICROSCOPIC ANATOMY OF THE 
HUMAN ACL FEMORAL AND TIBIAL ENTHESES 
 
This chapter has been submitted for consideration of publication: 
Beaulieu ML, Carey GE, Schlecht SH, Wojtys EM, Ashton-Miller JA. J Orthop Res. [In 
review] 
 
4.1 Abstract 
 The femoral enthesis of the human anterior cruciate ligament (ACL) is known to be more 
susceptible to injury than the tibial enthesis. To determine whether anatomic differences might 
help explain this difference, we quantified the microscopic appearance of both entheses in 15 
unembalmed knee specimens using light microscopy, toluidine blue stain and image analysis. 
The amount of calcified fibrocartilage and uncalcified fibrocartilage, and the ligament entheseal 
attachment angle were then compared between the femoral and tibial entheses via linear mixed-
effects models. The results showed marked differences in anatomy between the two entheses. 
The femoral enthesis exhibited a 3.9-fold more acute ligament attachment angle than the tibial 
enthesis (p < 0.001), a 43% greater calcified fibrocartilage tissue area (p < 0.001), and a 226% 
greater uncalcified fibrocartilage depth (p < 0.001), with the latter differences being particularly 
pronounced in the central region. We conclude that the ACL femoral enthesis has more 
fibrocartilage and a more acute ligament attachment angle than the tibial enthesis, which 
provides insight into why it is more vulnerable to failure. 
67 
4.2 Introduction 
 Injuries to the anterior cruciate ligament (ACL) pose extensive health and financial 
difficulties, both short- and long-term.17,22 The majority of ACL ruptures occur near its femoral 
origin or “enthesis”,16,29 rather than elsewhere, but the underlying reason for this remains 
unknown. We speculate that the anatomy of the ACL femoral enthesis may be significantly 
different than the tibial enthesis. If confirmed, it might help explain the higher failure rate at, or 
near, the femoral enthesis. 
 The microscopic anatomy of ligament and tendon entheses minimizes stress 
concentrations and distributes forces across the entire attachment area.5,24 Entheses are classified 
as either fibrous or fibrocartilaginous according to the type of tissue comprising the attachment 
site.5 Fibrocartilaginous entheses are characterized by four zones of tissue: dense fibrous 
connective tissue, uncalcified fibrocartilage (UF), calcified fibrocartilage (CF), and bone.5 The 
quantity of each tissue type is characteristic of the mechanical loading at the enthesis.4,8,9 For 
example, the quantity of UF has been positively related to the change in angle that occurs 
between the ligament/tendon and the bone to which it attaches during joint motion;4,8 while the 
quantity of cortical calcified tissue has been positively related to the size of the ligament/tendon, 
and thus the tensile force applied to the bone.4,9 Most fibrocartilaginous entheses, however, do 
not contain fibrocartilage across the entire attachment site, with the superficial portions 
frequently being more fibrous.5 
 Descriptions of the ACL entheses have mostly focused on their macroscopic 
characteristics and dimensions.10,20 Few studies have explored these entheses at a microscopic 
level, and those that have, focused on the femoral enthesis.1,12,18,23,26 Arnoczky characterized the 
ACL entheses as fibrocartilaginous, with a description of the transitional zones of UF and CF.1 
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Tissue quantification has not been reported for UF, either at the femoral or the tibial entheses. 
Greater UF may be expected at the femoral enthesis than the tibial enthesis given the greater 
change in ACL-bone angle reported at the femur during passive knee flexion.28 
 Lastly, the oblique angle at which a tendon/ligament attaches to the bone has been shown, 
by computer simulations, to induce a strain concentration where the shortest longitudinal fibers 
of the tendon/ligament originate from, or insert into, bone at the enthesis.13,19 And that strain 
concentration increased with more acute attachment angles.13  It is unknown, however, whether 
the femoral ACL entheseal attachment angle is more acute than the tibial attachment angle, 
thereby inducing greater strain concentration at the femur. 
 The purpose of this study was to quantify and compare the microscopic anatomy of the 
human ACL femoral and tibial entheses by means of histological analyses. We tested the 
primary null hypothesis that there would be no difference in relative area of CF, or the average 
depth of UF, between the femoral and tibial entheses. We also tested the secondary null 
hypothesis that there would be no difference between the femoral and tibial ACL entheseal 
attachment angles. 
4.3 Materials and Methods 
 Specimen Procurement and Preparation. Fifteen unembalmed human knee specimens, 
including seven pairs, were harvested from four male and four female donors (age = 52.1 ± 8.4 
years; height = 1.70 ± 0.10 m; mass = 70.5 ± 15.9 kg; BMI = 24.1 ± 4.3 kg/m2) through the 
University of Michigan Anatomical Donations Program. All specimens were dissected so as to 
leave only the ACL, distal femur, and proximal tibia. No macroscopic evidence of previous ACL 
injury was observed in the dissected specimens. The femur-ACL-tibia complexes were fixed in 
10% neutral buffered formalin for 48 hours, with the knee in 15° of flexion, 0° of 
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abduction/adduction, and 0° of axial rotation, by means of a custom-built fixation device, to 
maintain the ligament’s natural twist and angle of attachment to each bone. Then, two smaller 
samples were cut from each femur-ACL-tibia complex for histochemical processing (Table 4.1): 
the ACL-femur and ACL-tibia attachment sites. Once processed and embedded in methyl 
methacrylate, tissue samples were sectioned using a commercially available precision sectioning 
saw (IsoMetTM Low Speed Saw, Buehler, Lake Bluff, IL, USA). For each tissue sample, four 
thick sections were extracted, mounted on a slide, ground, and polished (EcoMetTM 300 Pro-
Grinder/Polisher, Buehler, Lake Bluff, IL, USA) to obtain tissue sample of approximately 100 
μm in thickness. Tibial tissue samples were sectioned in a parasagittal plane. Femoral samples 
were sectioned along the longitudinal axis of the ACL, with both tissue samples sectioned at 
20%, 40%, 60%, and 80% of the width of the enthesis (Figure 4.1). The mounted sections were 
surface stained with toluidine blue for light microscopy viewing. High resolution digital images 
(4,000 dpi) of all sections were obtained with a film scanner (Nikon Super CoolScan 5000ED) 
for further analyses.  
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Table 4.1  Tissue processing protocol for histological 
analysis 
Solution Time (hrs) 
Defat  
ethanol:ether (1:1) 8 
chloroform:methanol (2:1) 16 
Rinse  
Chloroform 1 
Chloroform 1 
ethylene glycol monoethyl ether 12 
Dehydration  
ethylene glycol monoethyl ether 8 
ethylene glycol monoethyl ether 8 
ethylene glycol monoethyl ether 8 
ethylene glycol monoethyl ether 8 
Rinse  
2-propanol 8 
2-propanol 8 
2-propanol 8 
Clear  
methyl salicylate 8 
methyl salicylate 8 
Process  
methyl methacrylate Ia 24 
Clear  
methyl methacrylate Ia 96 
methyl methacrylate IIa 96 
methyl methacrylate IIIa 96 
Embed  
methyl methacrylate IVb ~ 432 
amethyl methacrylate (MMA) and n-butyl phthalate. 
bMMA, n-butyl phthalate, and dry benzoyl peroxide 
(varying amounts of benzoyl peroxide in MMA II-IV). 
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 Figure 4.1  Location of tissue sections (black lines) prepared for histological analysis on the 
femoral and tibial tissue blocks of a right knee specimen. White lines indicate the edges of the 
entheses. a: 20%; b: 40%; c: 60%; d: 80% of the width of the enthesis. 
 Quantitative Analysis. From the digital images of tissue sections, the diameters of the 
femoral and tibial entheses were measured and averaged over all four sections. The diameter was 
measured along the longitudinal axis of the ligament and along an antero-posterior axis for the 
femoral and tibial entheses, respectively. The relative area of CF was also quantified by outlining 
this tissue using a pen display (Cintiq 24HD w/ grip pen, Wacomb, Kazo, Saitama, Japan) and 
dividing this area by the length of the enthesis (Figure 4.2A). We measured CF relative area 
because the area measurement includes all CF in the enthesis rather than a sampling of its depth 
at discrete intervals. In addition, the depth of UF was measured at 500-μm intervals along the 
entire enthesis (Figure 4.2B). A sample of depth was selected here as the quantification method 
because the interface between the UF and the dense fibrous connective tissue was less apparent 
than for the CF, making a relative area measurement impractical (Figure 4.2A-4.2B). Also, 
sampling UF depth at a constant interval has been used previously to quantify UF in human 
quadriceps tendons and patellar ligaments.8 This variable was defined as the perpendicular 
distance from the tidemark to the end of the UF tissue, delineated by the furthest chondrocyte8 
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viewed with a light microscope (BX-51, Olympus, Center Valley, PA, USA) at x100 and x400 
magnifications (Figure 4.2B). Finally, the ligament entheseal attachment angle, defined as the 
angle between a line parallel to the fibers of the dense fibrous connective tissue and a line of best 
fit to the digitized entheseal surface (i.e., tidemark), was measured in each tissue section (Figure 
4.2C). All measurements were made in ImageJ.25 CF relative area was quantified over the 
diameter of the enthesis, as well as for the middle 50% and outer 50% of the enthesis diameter 
(Figure 4.2D), and averaged over all four tissue sections. UF depth was averaged over the 
diameter of the enthesis, as well as over the middle 50% and outer 50% of the diameter of the 
enthesis, and then averaged over all sections. The entheseal attachment angle was averaged over 
all sections. The intraclass correlation coefficients for the measurements were excellent, with 
0.98 for CF relative area, 0.83 for the UF depth, and 0.99 for the ligament entheseal angle. 
 
Figure 4.2  Example of the (A) outline of CF area, (B) UF depth measured at 500-μm intervals, 
and (C) ligament entheseal attachment angle measurement. (D) Definition of the enthesis regions 
for which the dependent variables were quantified. cf: calcified fibrocartilage; uf: uncalcified 
fibrocartilage; tm: tidemark; b: bone; l: ligament. Toluidine blue strain. 
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 Statistical Analysis. The hypotheses were statistically tested by means of a series of linear 
mixed-effects models with CF relative area, UF depth, and entheseal attachment angle as the 
outcome variables and enthesis (coded as ‘1’ = femur and ‘2’ = tibia), knee specimen, and knee 
donor as the predictor variables. A second series of linear mixed-effects models were run to gain 
further insight on quantitative differences between femoral and tibial entheses. For these models, 
CF relative area and UF depth were the outcome variables and enthesis region (coded as ‘1’ = 
middle 50% of femoral enthesis, ‘2’ = outer 50% of femoral enthesis, ‘3’ = middle 50% of tibia 
enthesis, and ‘4’ = outer 50% of tibia enthesis), knee specimen, and knee donor were the 
predictor variables. Knee donor was included in the models to account for the correlation 
between specimens harvested from the same donor. An alpha level below 0.05 indicated 
statistical significance. 
4.4 Results 
 Qualitative Analysis. The femoral entheses were fibrocartilaginous in that they comprised 
four distinct zones of tissue: dense fibrous connective tissue, UF, CF, and bone (Figure 4.3A-
4.3D and 4.3I). The periphery, especially the most superior and posterior regions, however, 
contained little or no fibrocartilage. The superior fibers were found to extend to, and blend into, 
the posterior articular cartilage (Figure 4.3J); the inferior fibers originated adjacent to the lateral 
intercondylar ridge. The shape of the femoral enthesis was generally convex in the most anterior 
section (section ‘a’ in Figure 4.1 and Figure 4.3A), but generally concave in the most posterior 
section (section ‘d’ in Figure 4.1 and Figure 4.3D), and more complex in the middle sections 
(Figure 4.3B-4.3C). Finally, in the regions with a large quantity of UF, typically the middle to 
inferior one-third of the enthesis, the fibrocartilage transitioned from calcified to uncalcified, and 
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thus arose from the tidemark, at a less acute angle and curved to align with the primary collagen 
fiber direction of the ligament (Figure 4.3I). 
 The tibial entheses were also fibrocartilaginous, but with smaller and relatively uniform 
quantities of fibrocartilage across the enthesis in comparison with the femoral entheses (Figure 
4.3E-4.3H and 4.3K). They inserted into a bony depression delineated anteriorly by the anterior 
ridge and posteriorly by the anterior intertubercular fossa. In comparison with the femoral 
enthesis, the trabecular bone appeared to be more anisotropic (Figure 4.3A-4.3H). 
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 Figure 4.3  Histology of the four tissue sections of the ACL femoral (A: 20%; B: 40%; C: 60%; 
D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the width 
of the enthesis) entheses in a representative specimen in terms of fibrocartilage quantity, 
entheseal tidemark profile, and ligament entheseal attachment angle. The large voids in the tibia 
may be fat deposits. (I) Femoral entheses had four zones of tissue: ligamentous tissue (l), 
uncalcified fibrocartilage (uf), calcified fibrocartilage (cf), and bone (b). Note how the 
ligamentous tissue transitions into uncalcified fibrocartilage and curves to insert into the calcified 
tissue at a less acute angle. Inset: High power view of tissue outlined in white showing 
uncalcified fibrocartilage with its fibrocartilage cells (arrow heads). (J) The femoral enthesis 
often extended to, and blended into, the posterior articular cartilage (ac). (K) Tibial entheses also 
had four zones of tissue, but with less fibrocartilage. Toluidine blue stain. 
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 Quantitative Analysis. The mean entheseal diameters, averaged over all sections of the 
femoral and tibial entheses, were 14.8 ± 3.2 mm and 15.8 ± 2.0 mm, respectively. Overall, the 
relative area of CF and average depth of UF were 43% and 226% greater at the femoral enthesis 
than the tibial enthesis, respectively (p’s < 0.001) (Figure 4.4A-4.4B). Additional region-specific 
comparisons revealed that this difference in CF relative area between entheses was significant 
only in the middle 50% of the enthesis (p < 0.001) (Figure 4.4A). Furthermore, the difference in 
average UF depth between the femoral and tibial entheses was significant in the middle 50% (p < 
0.001) as well as the outer 50% of the enthesis (p = 0.009) (Figure 4.4B). As for the entheseal 
attachment angle, it was 3.9 times smaller at the femoral enthesis compared with the tibial 
enthesis (p < 0.001) (Figure 4.4C). 
 
Figure 4.4  Mean and standard deviation of (A) relative area of calcified fibrocartilage and (B) 
depth of uncalcified fibrocartilage of all tissue sections for the entire enthesis and by region, as 
well as (C) ligament entheseal attachment angle of all tissue sections for the entire enthesis 
presented for the femoral and tibial entheses. *significantly different, p < 0.001; **significantly 
different, p < 0.010. 
4.5 Discussion 
 The goal of this study was to compare the microscopic anatomy of the ACL tibial and 
femoral entheses. Our histological analyses revealed significant differences in the quantity of 
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fibrocartilage, and especially the angle at which the ACL attaches to the bone (i.e., the “entheseal 
attachment angle”) at the femoral and tibial entheses. When these anatomic differences are 
interpreted in a biomechanical context, they help provide new insight into why the femoral 
enthesis is more vulnerable to failure. 
 The primary null hypothesis was rejected because more CF and UF were found at the 
femoral enthesis, especially in its middle region. Although the ACL entheses have been the 
subject of several histological analyses,1,12,18,23,26 we were unable to find quantitative 
comparisons of femoral and tibial entheseal anatomy. The only other study to quantify 
fibrocartilage did so at the femoral enthesis and measured the combined depth of the calcified 
fibrocartilage and subchondral bone (CFB).23 We also made this measurement, but did not 
present those data to avoid redundancy, given similar trends in CF relative area and CFB depth. 
Therefore, our results corroborate those of Sasaki;23 qualitatively more calcified tissue appears to 
be present in the central region of the femoral enthesis in both studies. 
 The magnitude of UF and CF at an enthesis has been proposed to be positively related to 
the change in angle between the ligament and the bone to which it attaches and to the tensile 
force applied to the bone, respectively.4,8,9 It is not surprising, therefore, that more UF was 
present at the femoral enthesis than at the tibial enthesis given the greater change in ACL-bone 
angle at the femoral enthesis measured in vitro during passive knee flexion.28 Specifically, the 
ACL-femur angle increases 54° during knee flexion (0 - 140°), on average, in comparison with 
the ACL-tibia angle, which only decreases an average of 23°.28 The greater quantity of UF at the 
femoral enthesis, therefore, may help reduce bending moments at the enthesis calcified-
uncalcified junction.6 As for the CF, its greater quantity at the femoral enthesis may indicate 
greater stress there than at the tibia, as suggested by Evans et al.9 Given that the load magnitude 
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applied to the enthesis should be the same at the femoral and tibial attachments of a given ACL, 
we speculate that the larger footprint of the tibial enthesis11 and the concavity into which it 
inserts, which lengthens the entheseal ‘bond’ between soft and hard tissue, reduces the average 
tensile stress (i.e., force per unit area) at the tibial enthesis. Hence, less CF may be required at the 
tibial enthesis in comparison with the femoral enthesis. Benjamin and colleagues,5 on the other 
hand, suggested that less calcified tissue (CF and subchondral bone) allows for greater 
deformation of the enthesis, and thus greater dissipation of energy. They have also proposed that 
the lateral tibial spine reduces stress at the tibial enthesis by allowing the ACL to bend over it, as 
the spine acts like a pulley.7 However, we did not observe such bending in our specimens. 
Perhaps this is only a factor at greater angles of knee flexion, given that the angle at which the 
ACL inserts into the tibia decreases with knee flexion28. All our knee specimens were fixed at 
15° of flexion—the mean knee flexion angle at initial contact during ACL injury scenarios,15 and 
that used for in vitro studies.2 The angle at which the ACL-bone specimens were fixed by 
Benjamin et al., however, was not reported.7 Even though it appears to be dimensioned 
appropriately (i.e., more CF), the smaller femoral enthesis is systematically loaded by a greater 
average tensile stress than the tibial enthesis. It is logical, therefore, that it could accumulate 
microdamage over time, especially given recent evidence that the ACL is indeed susceptible to 
fatigue failure.3,16 
 We rejected the secondary null hypothesis in that the ACL was found to arise from the 
femur at a nearly four-fold more acute angle than it inserts into the tibia. Zaffagnini and 
colleagues28 also examined ACL-bone angles, but they did not use a plane representative of the 
entheseal surface (or “tidemark”). Rather, they used a plane that was representative of the 
articular surface of the bones to calculate these angles. From a biomechanical viewpoint, the 
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more acute femoral entheseal angle will induce a greater strain concentration at the inferior 
margin of the femoral enthesis than at the tibial enthesis, based on in silico evidence.13 In a 
computer model of the pubovisceral muscle and its enthesis, an inverse relation was found 
between enthesis angle and strain energy concentration: the smaller the attachment angle, the 
greater the strain concentration.13  Hence, the more acute entheseal attachment angle at the femur 
and the putative greater strain concentration might help explain why the ACL often fails there. 
 We note several limitations of this study. First, we used older specimens (age = 52.1 ± 
8.4 years) to gain insight on an injury that mainly occurs in adolescents and young adults.14 
Fibrocartilaginous entheses are known to be affected by age-related degenerative changes, such 
as microdamage and an increase in thickness of the CF.27 There is no evidence that these changes 
would affect the femoral and tibial entheses differently, so the general qualitative trends should 
remain valid. Second, the donors’ history of physical activity was unknown; certain activities 
could have induced entheseal trauma and micro-trauma, thereby producing architectural changes 
at the enthesis.21 Without a detailed history, however, we cannot interpret with confidence any 
variations/abnormalities. 
4.6 Conclusion 
 More fibrocartilage tissue was found at the femoral enthesis than at the tibial enthesis. 
Furthermore, the ACL was found to arise from the femur at a significantly more acute angle than 
that at which it inserts into the tibia. 
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CHAPTER 5 
A QUANTITATIVE ANALYSIS OF THE REGIONAL AND BILATERAL 
VARIATIONS IN THE MICROSCOPIC ANATOMY OF THE HUMAN ACL 
FEMORAL ENTHESIS 
 
This chapter has been submitted for consideration of publication: 
Beaulieu ML, Carey GE, Schlecht SH, Wojtys EM, Ashton-Miller JA. J Orthop Res. [In 
review] 
 
5.1 Abstract 
 The anterior cruciate ligament (ACL) often ruptures near its femoral enthesis, with the 
posterolateral fibers of the ligament being vulnerable during pivot landings. To determine 
whether regional variations in entheseal microscopic anatomy exist as a potential risk factor for 
injury, a secondary analysis was performed of data from 15 human ACL femoral entheses. We 
quantified the regional differences in calcified and uncalcified fibrocartilage, the angle at which 
the ligament originates from the bone, and the profile of the tidemark in four entheseal sections 
cut parallel to the ACL longitudinal axis. The results demonstrate at least 33% more calcified 
fibrocartilage and 143% more uncalcified fibrocartilage in the antero-inferior region, which 
corresponds to the inferior margin of the origin of the anteromedial ACL fibers (p’s < 0.050). 
The anteromedial ACL fibers originated from the femur at an angle six times greater than its 
posterolateral fibers (p = 0.032). Finally, average entheseal tidemark profiles correlated 
bilaterally (Pearson’s r = 0.79; p = 0.036), with the most common profile being convex with a 
single re-entrant. In conclusion, systematic regional differences in fibrocartilage quantity and 
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collagen fiber attachment angles were found. We argue that these differences may affect the 
biomechanics of entheseal injury. 
5.2 Introduction 
 Anterior cruciate ligament (ACL) injuries occur at a rate of more than 250,000 incidences 
per year in the United States9 and present with long-term debilitative sequelae.13 Better 
prevention is needed to reduce the considerable financial and health costs associated with such 
injuries.18 Most ruptures occur at, or near, the ACL’s femoral origin (or “enthesis”),25 with the 
posterolateral (PL) fibers being especially vulnerable during pivot landings,2,12,15 A recent 
investigation of the microscopic anatomy of the ACL entheses revealed significant differences in 
fibrocartilage quantity and ligament attachment angle between the femoral and tibial entheses 
that may explain the difference in entheseal injury rates.1 The reasons the femoral enthesis of the 
PL fibers is susceptible to injury during pivot landings, however, are unknown. Investigating 
regional differences in the microscopic anatomy of the ACL femoral enthesis may help us 
explain injury patterns, which in turn could guide injury prevention efforts. 
 The amount of calcified and uncalcified fibrocartilage within an enthesis is of particular 
interest because it relates to differences in mobility and in the forces experienced by the 
structure, and varies within an enthesis.6,7 Specifically, the quantity of calcified fibrocartilage 
(CF) is positively related to the magnitude of the tensile forces applied to the enthesis;7while the 
quantity of uncalcified fibrocartilage (UF) is positively related to the magnitude of the change in 
angle between the bone and ligament/tendon during joint motion.6 Although regional variations 
in fibrocartilage have been reported in the entheses of the quadriceps tendon, patellar ligament, 
and meniscal horns,3,6,7 they have not been investigated in the ACL entheses. Sasaki et al.19 
reported the combined depth of calcified fibrocartilage and subchondral bone for various regions 
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of the ACL’s femoral enthesis, but without statistical comparisons. Even so, their tabular data 
showed greater depths in the central region, as well as in the sections corresponding to the origin 
of the ACL’s anteromedial (AM) fibers in comparison with those of the PL fibers.19 It appears, 
therefore, that heterogeneity in fibrocartilage quantity within the ACL’s femoral enthesis may 
exist, which may reflect the presence of stress concentrations in regions with more fibrocartilage. 
 In terms of injury mechanisms, the ligament entheseal attachment angle—the oblique 
angle at which a tendon/ligament attaches to the bone—can induce a strain concentration in the 
shortest collagen fibers of the tendon/ligament.10,17 In fact, a computer simulation has 
demonstrated that this strain concentration increases when the entheseal attachment angle 
becomes more acute.10 Although the entheseal attachment angle is more acute at the femoral 
enthesis than at the tibial enthesis,1 it is not known if it varies regionally within the femoral 
enthesis. The presence of regional differences in attachment angle would indicate differences in 
injury risk, with regions of the femoral enthesis having a more acute attachment angle being at 
greater risk for injury. 
 In a secondary analysis of data from a study of the human ACL entheses,1 we tested the 
primary null hypotheses that there would be no regional difference in the relative area of CF, the 
average depth of UF, or the ligament entheseal attachment angle. We also quantified the profile 
of the femoral entheseal tidemark and tested the secondary null hypotheses that all entheses, 
including paired entheses, have the same general tidemark surface shape. 
5.3 Materials and Methods 
 Specimen Procurement and Preparation. To test our hypotheses, we harvested 15 
unembalmed human knee specimens, including 14 paired and 1 unpaired specimens, from four 
male and four female donors (age = 52.1 ± 8.4 years; height = 1.70 ± 0.10 m; mass = 70.5 ± 15.9 
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kg; BMI = 24.1 ± 4.3 kg/m2) through the University of Michigan Anatomical Donations 
Program. A detailed description of the methods used to process the specimens and prepare the 
slides for histological analysis have been published.1 Briefly, the knee specimens were dissected 
down to the distal femur, proximal tibia, and ACL, and then fixed in 10% neutral buffered 
formalin in 15° of flexion. With the ACL cut cross-sectionally at mid-substance, the femoral 
attachment site was extracted with an oscillating saw with plunge blade (Bosch, Stuttgart, 
Germany) and trimmed with a diamond band pathology saw (EXAKT, Norderstedt, Germany). 
All tissue blocks were processed and embedded in methyl methacrylate according to a published 
processing schedule.1 For each enthesis, four thick sections (approximately 100 μm in thickness) 
were prepared, stained with toluidine blue, and digitized (resolution: 4,000 dpi). Sections were 
obtained parallel to the longitudinal axis of the ACL at 20%, 40%, 60%, and 80% of the width of 
the femoral entheses (Figure 1). 
 
Figure 5.1  Excised femoral attachment site from a right distal femur showing the location of the 
tissue sections (black lines) processed and prepared, as well as the location of the regions of 
interest defined for histological analysis. a: 20%; b: 40%; c: 60%; d: 80% of the width of the 
enthesis. 1: antero-superior; 2: antero-inferior; 3: postero-superior; 4: postero-inferior regions. 
Regions 1-2 corresponded to the origin of the anteromedial (AM) fibers; meanwhile regions 3-4 
corresponded to the origin of the posterolateral (PL) fibers. 
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 Quantitative Analysis. For each tissue section, the relative area of CF was quantified by 
outlining the CF tissue and dividing its area by the length of the enthesis; whereas the depth of 
UF was measured at 500-μm intervals across the entire enthesis.1 The ligament entheseal 
attachment angle was also quantified by measuring the angle between a line parallel to the fibers 
of the ligament and a line of best fit to the profile of the digitized interface between the entheseal 
calcified and uncalcified tissue, also known as the “tidemark”.1 The average CF relative area and 
UF depth was calculated for four regions of interest of the femoral enthesis (Figure 1): (1) 
antero-superior; (2) antero-inferior; (3) postero-superior; and (4) postero-inferior. Anatomically, 
regions 1-2 correspond to the origin of the AM fibers, while regions 3-4 correspond to the origin 
of the PL fibers. These four regions were selected to allow for comparisons between the AM and 
PL fibers of the ACL, as well as between the superior and inferior margins. Lastly, the entheseal 
attachment angle was averaged over the two most anterior sections (Figure 1, a-b), as well as 
over the two most posterior sections (Figure 1, c-d), of each enthesis. 
 To measure the overall surface shape of the entheseal tidemark, the profile of the 
tidemark was quantified in each of the four tissue sections using custom Matlab code. 
Specifically, digital images of all sections were imported into Matlab, cropped to the width and 
height of the tidemark and resized so that all images were normalized to have the same width and 
height. Then, the tidemark profile was digitized and a 5th order polynomial was fit to it. This 
order was selected because it was the lowest order polynomial that adequately represented the 
tidemark profile. For bilateral comparisons, the polynomial coefficients were averaged over all 
sections, resulting in an average polynomial, or “surface shape”, for each entheseal tidemark. 
 Statistical Analysis. A series of linear mixed-effects models were used to test whether 
regional differences existed in the amount of fibrocartilage and the magnitude of the ligament 
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entheseal attachment angle within the femoral enthesis. The outcome variables for each model 
were CF relative area, UF depth, and entheseal attachment angle. The predictor variables for all 
models were enthesis region (coded as 1 = antero-superior, 2 = antero-inferior, 3 = postero-
superior, and 4 = postero-inferior for CF and UF; and 1 = anterior sections and 2 = posterior 
sections for the entheseal attachment angle). Knee donor was included in the models to account 
for the correlation between specimens harvested from the same donor. To test whether the 
average polynomial describing the tidemark surface shape correlated bilaterally, the association 
between each polynomial coefficient was estimated with Pearson’s product moment correlation 
coefficient. One enthesis was excluded for this correlation analysis because its contralateral 
enthesis was not among the specimens included in this study. An alpha level below 0.05 
indicated statistical significance. 
5.4 Results 
 The relative area of CF was significantly greater at the antero-inferior region of the ACL 
femoral enthesis than any other region (Figure 2A, 2D, and 2E). In comparison with the antero-
superior region, it exhibited 33% more CF (p = 0.041). Within the posterior sections, however, 
no significant difference in CF relative area was found (p > 0.050). Comparing the entheseal 
(anterior) sections that approximate the origin of the AM fibers of the ACL to those (posterior) 
sections that approximate the origin of the PL fibers, significant differences in CF relative area 
were found within the inferior margin: specifically, the antero-inferior region exhibited 39% 
more CF than the postero-inferior region (p = 0.020). 
 The average depth of UF was also found to be heterogeneous, with significantly more UF 
in the antero-inferior region of the enthesis than in the other regions (Figure 2B, 2D, and 2E). In 
fact, average UF depth in this region (which approximates the inferior margin of the origin of the 
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ACL’s AM fibers) was 2.5 times greater than in the postero-inferior region (which approximates 
the inferior margin of the origin of the ACL’s PL fibers) (p < 0.001). Within the anterior 
sections, the inferior region exhibited 2.8 times more UF than the superior region (p < 0.001). 
Within the posterior sections, the inferior region exhibited 2.2 times more UF than the superior 
region (p = 0.032). 
 The ligament entheseal attachment angle was six-fold larger in the posterior sections than 
in the anterior sections (p < 0.001) (Figure 2C), which correspond to the origin of the ACL’s PL 
and AM fibers, respectively. 
 
Figure 5.2  Mean and standard deviation of (A) relative area of calcified fibrocartilage and (B) 
depth of uncalcified fibrocartilage for each entheseal region of interest (1-4), as well as (C) 
ligament entheseal attachment angle of the anterior (a-b) and posterior (c-d) tissue sections 
presented for the femoral entheses. Example of (D) anterior (section b in Fig. 1) and (E) posterior 
(section c in Fig. 1) tissue sections of the ACL femoral enthesis of a representative specimen. 
Insets: High power views of tissue outlined in black showing four zones of tissue: ligamentous 
tissue (l), uncalcified fibrocartilage (uf), calcified fibrocartilage (cf), and bone (b). *significantly 
greater than region 1 (p = 0.041), region 3 (p < 0.001), and region 4 (p = 0.020); **significantly 
greater than all other regions (p < 0.001); ***significantly greater than region 3 (p = 0.032). 
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 As for the profiles of the entheseal tidemarks, six profiles predominated (Figure 3). The 
most common profile (21 out of 60 sections) was a convex profile with a single re-entrant 
(Figure 3C). Most (8 out 9 sections) of the sections with a convex profile (Figure 3A) were 
anterior sections of the entheses (Figure 1, sections a-b). All the sections with a concave profile 
(Figure 3B) were the most posterior section of the entheses (Figure 1, section d). The occurrence 
of the other four types of entheseal profiles was more evenly distributed between the anterior and 
posterior entheseal sections (number of anterior/posterior sections per entheseal profile: 10/11 
(C); 3/4 (D); 5/7 (E); 4/2 (F)). Lastly, the average entheseal tidemark profiles correlated 
bilaterally (fifth order coefficient, p = 0.036) (Figure 4 and Table 1). No other coefficients were 
significantly correlated bilaterally (p’s > 0.050). 
 
Figure 5.3  Examples of the six types of entheseal tidemark profiles: A: convex; B: concave; C: 
convex with a single re-entrant; D: concave with a single re-entrant; E: half concave, half 
convex; F: half convex, half concave. The portion of sections classified as being of a given 
tidemark profile is shown in the lower corner of each image. 
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 Figure 5.4  Examples of bilateral correlation in entheseal tidemark profiles. Sections from the 
right and left ACL femoral entheses from (A) specimen #34578 and (B) specimen #34593. 
Table 5.1  Mean (standard deviation) coefficients of fifth-order polynomial fit to 
tidemark profiles of the left and right ACLs, including correlation coefficient and p 
values. 
Polynomial Coefficients Pearson 
Correlation 
Coefficient 
P Value 
Order Left Right 
0 226×10-17 (550×10-17) 9.7×10-17 (440×10-17) 0.451 0.310 
1 -238×10-13 (669×10-13) -6.3×10-13 (499×10-13) 0.374 0.409 
2 78×10-9 (287×10-9) 4.7×10-9 (207×10-9) 0.253 0.585 
3 -4.5×10-5 (52×10-5) -1.7×10-5 (45×10-5) 0.131 0.779 
4 -22.0×10-2 (50×10-2) -5.4×10-2 (65×10-2) 0.425 0.342 
5 718.0 (290.6) 590.1 (303.2) 0.786 0.036 
 
5.5 Discussion 
 The present work aimed at understanding why the femoral enthesis of the ACL’s PL 
fibers is vulnerable to injury during pivot landings. Our results indicate that the amount of 
fibrocartilage and the magnitude of the ligament entheseal attachment angle do indeed exhibit 
systematic regional heterogeneity in the femoral enthesis; hence we rejected the primary null 
hypotheses. The most fibrocartilage, whether CF or UF, was found at the antero-inferior region 
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of the femoral enthesis, corresponding to the inferior margin of the origin of the ACL’s AM 
fibers. The heterogeneity in the amount of fibrocartilage at the femoral enthesis may reflect 
regional differences in the loading history applied to the enthesis. This is because the amounts of 
CF and UF are thought to positively relate to the tensile force applied to the bone and to the 
change in angle between the ligament and the bone to which it attaches, respectively.3,6,7 Hence, 
the inferior margin of the origin of the AM fibers may have been subjected to greater loading on 
a regular basis than other regions. This explanation is consistent with evidence that the ACL load 
is carried by only a few fiber groups at each knee flexion angle, with location of the fibers 
carrying the load varying with knee flexion angle.16 It is also consistent with results from a 
simplified finite element model of the pubovisceral muscle enthesis which, like the ACL femoral 
enthesis16, is a tensile structure that also arises from bone at an acute angle. The model revealed a 
strain concentration in the entheseal region where the shortest fibers of the tensile structure 
attach,10 corresponding to the inferior margin of the ACL femoral origin. So, why might the 
tensile loading history be greater at the inferior margin of the AM fibers than the PL fibers? 
 The answer may lie in their complementary roles in resisting anterior tibial translation 
and internal tibial rotation. Although all ACL fibers resist these loads to some degree, the AM 
fibers primarily resist anterior tibial translation;5,14 while the PL fibers primarily resist internal 
tibial rotation.26 In activities of daily living, such as walking and ascending/descending stairs, the 
knee mainly moves in the sagittal plane including anterior tibial translation,20,21,24 thereby 
primarily loading the AM fibers more than the PL fibers. Hence, the inferior margin of the AM 
fibers and their enthesis may be subjected to greater loads on a daily basis during activities of 
daily living than the PL fibers and their enthesis. This would explain the greater amount of CF 
we found at the former location. However, the PL fibers’ femoral enthesis may be at greater risk 
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of injury during pivot landings because they will be subjected to greater loads as the knee resists 
the internal tibial rotation that occurs during these landings.26 In fact, a recent finite element 
model of the ACL, to which impulsive loads consistent with a pivot landing were applied, 
revealed a strain concentration at the inferior margin of the PL fiber enthesis.17 Hence, we 
speculate that there may be a shift in the location of the strain concentration at the femoral 
enthesis from the inferior margin of the AM fibers during activities of daily living to that of the 
PL fibers during athletic activities with high internal tibial torque. Less fibrocartilage at the PL 
enthesis could make it vulnerable to injury during such pivoting activities. It remains to be seen 
whether athletes who regularly perform these activities have a different regional distribution of 
fibrocartilage quantities than we found. 
 Our results corroborate the qualitative observation of Sasaki et al.19 that less 
fibrocartilage tissue exists in the superior regions (previously identified as “posterior”19) of the 
femoral enthesis. They measured the combined depth of the CF and subchondral bone at the 
femoral enthesis,19 but no regional statistical comparisons were made and the calcified and 
uncalcified fibrocartilage were not assessed independently. They also categorized the enthesis as 
both a direct and indirect enthesis,19 termed fibrocartilaginous and fibrous, respectively, herein. 
The fibrocartilaginous portion of the femoral enthesis, which consists of four zones of tissue—
ligamentous tissue, UF, CF, and bone,4 has been described as the central and inferior regions of 
the enthesis; while the fibrous portion, where the ligament originates directly from the bone 
without fibrocartilage,4 has been said to comprise the most superior region of the enthesis.19 
Because we did find some CF and, to a lesser extent, UF in this region, we believe the ACL 
femoral enthesis is more properly categorized as a fibrocartilaginous enthesis.4 
 The ligament entheseal attachment angle was significantly larger in the posterior rather 
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than the anterior sections. This angle difference may be attributed to differences in entheseal 
profile between anterior and posterior sections since the most convex and concave profiles were 
found in the anterior and posterior sections, respectively. To our knowledge, the entheseal 
attachment angle and its regional differences have not been reported before. According to the 
simplified finite element model of the pubovisceral muscle enthesis, the entheseal attachment 
angle is inversely related to the strain concentration magnitude in the inferior margin. This 
suggests that, within the inferior margin of the femoral enthesis, the anterior region may 
experience a greater strain concentration than the posterior region, at least in the knee position 
examined herein (15° of knee flexion). This may partly explain the greater amount of 
fibrocartilage in the antero-inferior region than the postero-inferior region. Conversely, the 
greater attachment angle in the posterior enthesis section, in part caused by the concave surface 
profile there, may be an architectural mechanism to reduce the entheseal strain concentration in 
that region. 
 The secondary null hypothesis that the tidemark of all entheses, including paired 
entheses, would have the same general surface shape was rejected. Several tidemark profiles 
were observed, which varied from generally convex to concave as one moved from anterior to 
posterior sections. In addition, the average tidemark profiles, or “tidemark surface shapes”, were 
more strongly correlated bilaterally than between individuals. Our findings are not surprising 
given that entheseal surface shape is determined by the history of the tensile forces applied to the 
enthesis by the ligament during puberty.8 Assuming that the donors of our knee specimens 
subjected their ACL femoral entheses to different loading histories, one might expect the 
variations in entheseal surface shape to be greater between individuals than bilaterally within an 
individual, which is indeed what we found. Interestingly, some images exhibited local 
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concentrations in calcification (Figure 5) reminiscent of nascent Pellegrini Stieda known to form 
in other knee ligaments.23 It remains to be seen whether these regions are evidence of local 
remodeling of injured fibrous regions. 
 
Figure 5.5  Histological images of (A) anterior sections (Fig. 1, b) and (B) posterior sections 
(Fig. 1, c) showing local concentrations in calcification (top) and the corresponding sections in 
the paired enthesis (bottom) from specimen #34602. 
 Our study was not without limitations. First, ACL entheseal tissues were harvested from 
older donors. Although fibrocartilaginous entheses, such as the ACL femoral enthesis, can be 
affected by age-related degenerative changes,22 no evidence exists to suggest that these changes 
would affect one region of the enthesis differently than another. Second, the physical activity 
history of our specimens’ donors was unknown. We cannot assume, therefore, that our results 
can be generalized to the young, active population that suffers the most ACL injuries.11 
5.6 Conclusion 
 Most calcified and uncalcified fibrocartilage was found at the antero-inferior region of 
the femoral enthesis. The ligament entheseal attachment angle was more acute in the anterior 
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rather than the posterior sections. Finally, the profile of the femoral entheseal tidemark varied 
within an enthesis and between individuals, but some bilateral similarity was evident. 
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CHAPTER 6 
GENERAL DISCUSSION 
 
 The overall objective of this dissertation was to address several knowledge gaps in the 
area of ACL injury mechanisms and prevention. First, we did not understand why athletes with a 
restricted range of hip internal rotation were more prone to anterior cruciate ligament (ACL) 
injuries. Second, it was unknown whether such a limitation in hip internal rotation could increase 
the ACL’s susceptibility to a fatigue failure via repetitive loading. Third, we did not know why 
the ACL ruptures more frequently near its femoral enthesis, neither in vivo nor in vitro. Last, it 
was unknown why the ACL’s posterolateral (PL) fibers appear to be more susceptible to injury 
than the anteromedial (AM) fibers during pivot landings. 
6.1 Restriction in Hip Internal Rotation 
 Most ACL injuries occur upon landing on one leg after a jump and/or during a change of 
direction with knee flexion, abduction, and internal rotation, without any direct contact to the 
knee.6,28,30,46 In vitro and in silico work has confirmed that, indeed, a combination of knee axial 
compression force, knee flexion moment, internal tibial torque, and knee abduction moment is 
the ‘worst-case’ dynamic loading scenario in terms of peak ACL strain.10,41,45,49,55 The strains 
experienced by a ligament directly impacts its potential for injury.65 As the peak ACL strain in a 
single loading cycle increases, it approaches the ultimate tensile strain of the structure. By 
definition, rupture will ensue when ACL strain exceeds that ultimate tensile strain. Several 
factors can increase ACL strain during a single-leg landing, from morphological factors, such as 
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a larger posterior-directed slope of the tibial plateau,7,53,57,59,61,63,70 to material properties, such as 
lower quadriceps tensile stiffness.33 Knowledge of the factors that increase ACL injury risk, as 
well as an understanding of how they influence that risk, is critical if our goal is to target such 
factors within an injury prevention and screening framework (Figure 6.1). 
 
Figure 6.1  An ACL injury and prevention conceptual model. This dissertation was aimed at 
identifying contributing factors to ACL injury risk, as well as the magnitude of the associated 
risk (items highlighted by dashed box). Adapted from the Physical Activity Injury Reduction 
tool.9 
 Recently, epidemiological evidence has emerged that a restriction in hip internal rotation 
is a contributing factor to ACL injury risk.4,12,13 For example, soccer and football athletes 
presenting with a restricted passive range of internal rotation at the hip were found to be more 
susceptible to an ACL rupture or rerupture in comparison with athletes with unrestricted 
rotation.4,12,13 The present dissertation has revealed how and why such athletes with limited hip 
internal rotation may be at greater risk of sustaining an ACL injury (Chapters 2-3). Using an in 
vitro landing model, an inverse relationship was established between the range of internal 
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femoral rotation and peak strain in the AM fibers of the ACL (Chapter 2) and also ACL injury 
risk (Chapter 3). Limiting internal femoral rotation increased ACL strain by increasing internal 
tibial rotation and anterior tibial translation, both of which are known to load the ACL.45 Hence, 
restriction in rotation in one joint led to compensatory rotation in an adjacent joint. For every 10° 
decrease in internal femoral rotation, there was a 1.3% increase in peak ACL strain. To put this 
into perspective, that represents a 20% relative increase in peak strain from a landing with 
average hip internal rotation upon landing (15°)22 to one with limited rotation (5°). This suggests 
that athletes with limited hip internal rotation are systematically exposed to greater ACL strain 
than those individuals with unrestricted hips. 
 This dissertation research also showed that limited internal femoral rotation increases risk 
of ACL injury by decreasing ACL fatigue life (i.e., the number of loading cycles to ACL failure) 
(Chapter 3), thereby extending the findings of Chapter 2. For example, decreasing the range of 
internal femoral rotation by 11°, on average, increased injury risk more than 17-fold. Current 
dogma is that ACL injury results from a single awkward landing. Only recently has fatigue 
failure of the ligament been suggested as an ACL injury mechanism.34 Lipps et al.34 showed that 
the number of cycles needed to fail the ACL is inversely related to knee loading magnitude, the 
latter being used as a surrogate for ACL loading, and positively related to ACL cross-sectional 
area. In other words, as the repetitive load applied to the knee was increased, the risk of ACL 
injury also increased, with smaller diameter ACLs failing in fewer cycles.34 Chapter 3 of this 
dissertation extends that work to show that limited hip internal rotation is an additional 
contributing factor to the risk of ACL fatigue failure. 
 If the ACL can indeed fail due to material fatigue in vivo, it means that loads below those 
which would cause a ligament to rupture in a single loading cycle can rupture the ACL if that 
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load is applied enough times. This insight can help explain why athletes appear to rupture their 
ACL during landing maneuvers that they have performed successfully, without injury, thousands 
if not millions of times before.29,46 One can speculate that if loading is of a sufficient magnitude 
and occurs enough times within a given period, the ACL is unable to maintain homeostasis, and 
thus catabolism occurs. Microdamage may occur in one or more regions of the ACL. If the 
microdamage accumulates spatially over repeated loading cycles then the multitude of localized 
failures will eventually coalesce to cause a tear in a major portion of the structure, or even the 
whole structure, causing what is termed a fatigue failure. This means that ACL injuries may be 
prevented by simply monitoring the magnitude and frequency of ACL loading cycles and 
limiting the number of high loading cycles within a specified time period to maintain 
homeostatis. Such a concept is currently used in Little League Baseball whereby a limit, termed 
a ‘pitch count’, is imposed on pitchers of a certain age in regard to the number of fast pitches 
allowed per day and per week. In the case of the ACL, however, several knowledge gaps remain 
before such a monitoring program can be established. First, the relation between ACL loading 
and number of cycles to ACL failure is currently unknown in vivo. Second, no noninvasive 
method exists to estimate ACL loading in the field (i.e., during a soccer game). Addressing these 
gaps, for example, might lead to body-worn inertial measurement units being used to quantify 
knee joint loading, and therefore monitor loading frequency and magnitude during soccer 
matches to prevent ACL failures due to an excessive number of severe loading cycles. 
 In terms of implications for injury prevention and screening, we need to know the 
importance of each contributing factor to ACL fatigue injury risk, as well as any additional 
potential factors yet to be investigated. Results from Chapters 2 and 3 underline the importance 
of screening for restrictions in hip internal rotation to prevent ACL ruptures and reruptures. 
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Screening for restricted internal rotation at the hip is recommended not only for ACL injury 
prevention programs, but also for evaluation protocols in individuals with ACL injuries and/or 
reconstructions to prevent rerupture. With a simple examination of passive range of hip internal 
rotation before preseason training, for example, at-risk athletes could be identified and targeted 
for injury prevention interventions. However, this raises several questions. On which individuals 
would we choose to intervene? This is especially important when surgical intervention is needed 
to attempt to improve range of motion when limited by bony impingement, as seen in 
femoroacetabular impingement (FAI).3 In other words, how critical is limited hip internal 
rotation to ACL injury risk, knowing that several other contributing factors exist, such as a small 
ACL cross-sectional area?34 Will addressing a hip with limited internal rotation significantly 
lower one’s risk of sustaining an ACL fatigue failure in the presence of a small ACL or other 
contributing factors to ACL fatigue injury risk? What are those other factors, if any? Future 
research aimed at answering these questions is needed. 
6.2 Microscopic Anatomy of the ACL Entheses 
 The majority of ACL ruptures occur near its femoral rather than its tibial 
enthesis,34,37,56,58,68 with the PL fibers being especially vulnerable during pivot landings, as seen 
in Chapter 3 and previous work.34,37 To try to understand the reasons for this systematic bias in 
ACL injury location, an investigation of the microscopic anatomy of the ACL entheses was 
carried out (Chapters 4-5). I propose that the ACL femoral enthesis is at greater risk of injury, in 
part, because it is systematically subjected to higher average stresses than the tibial enthesis. 
Evidence for this is four-fold (Chapter 4). First, and most importantly, the literature provides 
evidence that the footprint of the femoral enthesis is 18% smaller than the tibial enthesis.11,21 
This means that the average stress on the femoral enthesis is 18% larger than on the tibial 
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enthesis because essentially the same resultant force has to be carried by the ligament at both 
attachment sites. Secondly, indirect evidence of greater loading comes from the amount of 
calcified fibrocartilage being greater in the femoral enthesis, which suggests that greater tensile 
forces are applied to the femoral enthesis.5,15 Thirdly, the amount of uncalcified fibrocartilage 
was also greater in the femoral enthesis. This suggests that there are greater changes in the angle 
of pull of the ligament as the knee rotates and translates, and thus greater bending between the 
ACL and the femur than between the ACL and the tibia.5,14 In fact, greater changes in the ACL-
bone angle have been reported at the femur than the tibia during passive knee flexion.67 Lastly, 
the ACL originated from the femur at a nearly four-fold more acute angle than it inserts onto the 
tibia. Based on in silico evidence, a greater strain concentration at the apex of the ligament 
entheseal angle will occur in entheses with more acute ligament attachment angles.27 A greater 
strain concentration in the femoral enthesis would also explain the greater amount of calcified 
fibrocartilage in comparison with the tibial enthesis, based on evidence presented by Benjamin 
and colleagues.5,15 Their work suggests that the quantity of calcified fibrocartilage is positively 
related to the tensile force applied to the bone by the ligament.5,15 Differences previously 
reported in the material properties between the proximal and distal ACL,8 however, should also 
be kept in mind. For example, the proximal region of the ACL has been found to be more 
compliant than its distal region in rats.35 For a given tensile stress, therefore, the more compliant 
proximal region will experience greater tensile strain. This may explain why the average 
collagen fibril diameter is larger near the femoral enthesis than the tibial enthesis in the human 
ACL, with the number of fibrils being the same along the length of the ligament.2 Larger fibrils 
suggest larger tensile stresses at the femoral enthesis since collagen fibril diameter are related to 
the applied stress.47 In short, results from Chapter 4, when interpreted within the context of the 
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literature, suggest that the femoral enthesis is systematically subjected to higher loads and 
experiences greater bending than the tibial enthesis. Both of these factors would tend to increase 
the susceptibility of the ACL femoral enthesis to fatigue failure. 
 Within the ACL femoral enthesis, why are the PL fibers at greater risk of injury than the 
AM fibers during pivot landings?34,37 Regional anatomic differences within the femoral enthesis, 
and shape differences within and between femoral entheses, also exist (Chapter 5). More 
fibrocartilage, both calcified and uncalcified, was found in the antero-inferior region of the 
femoral enthesis, which corresponds to the inferior margin of the AM fibers.11 The AM fibers 
were also found to arise from the bone at an angle six times more acute than the PL fibers, at 
least when the knee is in 15° of flexion. Although these regional differences suggest that greater 
forces are applied to the AM fibers enthesis,5,14,15 and thus suggest that the AM fibers may be at 
greater risk of injury, I propose that the ACL injury pattern may be specific to the type of knee 
loading. Pivot landings load the knee with additional internal tibial torque, as well as the 
ubiquitous inertial and muscular compressive forces and knee flexion moment during the 
landing. This internal torque loads the ACL,45 especially its PL fibers.69 In fact, a recent finite 
element model of the ACL loaded during a pivot landing revealed a strain concentration at the 
inferior margin of the PL fiber enthesis.43 Less fibrocartilage in this region may make it 
vulnerable to injury during activities with high internal tibial torques. Although the greater 
ligament attachment angle of the PL fibers appears to protect these fibers in comparison with the 
AM fibers, these angles are unknown when the tibia is internal rotated. For the purposes of this 
dissertation, the knee specimens were fixed in 15° of flexion, 0° of abduction/adduction, and 0° 
of axial rotation. Further research is needed to study the effects of other knee angles. 
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 Results from Chapter 5 also revealed interesting differences in the shape of the femoral 
entheseal surface, not only within an enthesis, but also between entheses from different donors. 
Similarities in shape, however, were found between the right and left femoral entheses of each 
donor. These findings raise several questions: 
• Why does this variability in entheseal surface shape exist? 
• Is there a characteristic shape that enhances stress dissipation at the enthesis? 
• Does enthesis shape change over one’s lifespan? 
Gao and Messner20 suggest that entheseal surface shape is determined by the history of the 
tensile forces applied to the enthesis by the ligament during puberty, but that after puberty, it is 
the amount of fibrocartilage that fluctuates as it adapts to the forces applied to the enthesis. 
Interestingly, Schlecht51 suggests that morphological changes in entheses may only occur when 
entheseal stress magnitudes exceed those resulting from habitual loading, and thus exceed 
remodeling thresholds. He also suggests that a rough entheseal surface may be due to 
microdamage, perhaps from frequent low-magnitude loads applied to the enthesis during habitual 
activity or from infrequent high-magnitude loads applied during more strenuous activity.51 Or 
perhaps both. This hypothesis would parallel the theory that the ACL can fail due to material 
fatigue and that the number of loading cycles is related to the magnitude of loading.34 If load 
magnitude and/or frequency exceeds remodeling threshold of entheseal tissue, then microdamage 
may occur. Evidence of such rough entheseal surface, including calcification, was presented in 
Chapter 5, though its cause is unknown. Hence, this histological work has revealed entheseal and 
regional differences in the microscopic anatomy of the ACL entheses, but has also raised several 
questions regarding entheseal development, the effect of habitual loading before, during, and 
after puberty on entheseal tissue and shape, and entheseal remodeling responses to loading. 
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6.3 Limitations 
 The main limitation of this dissertation is the use of older specimens to gain insight on an 
injury that mainly occurs in adolescents and young adults.54 Although results cannot necessarily 
be generalized to these younger populations, I believe that similar qualitative results would have 
been found in younger specimens. Quantitative results in ACL strain and number of cycles to 
ACL failure, however, would most likely differ because of the changes in structural and 
mechanical properties of the ACL with age.65 Quantitative results of the microscopic anatomy of 
the ACL entheses may also differ in the younger populations because fibrocartilaginous entheses 
are known to be affected by age-related degenerative changes, such as microdamage and an 
increase in thickness of the calcified fibrocartilage.62 No evidence exists, however, to suggest 
that these changes would affect the ACL entheses differently. 
 Although the in vitro landing model used in Chapter 2 and 3 closely replicates the timing 
and magnitude of the impulsive loads applied to the knee during an in vivo single-leg pivot 
landing, as well as the trans-knee muscle forces, it has several limitations. First, relative strain 
was measured only in the distal third of the AM fibers of the ACL. It was not possible to attach 
an additional differential variable reluctance transducer (DVRT) to the PL fibers without 
compromising the integrity of the knee joint or causing measurement error from the transducer 
impinging on bone. Given that the PL fibers primarily resist internal tibial rotation,69 as well as 
anterior tibial translation near full knee extension,19,24,26,50 ACL strain may have been 
underestimated in Chapter 2. The impulsive loads, including internal tibial torque, were applied 
to the knee specimens in 15° of flexion in the in vitro landing model. Second, relative strain was 
only measured between the barbs of the DVRT at and near the surface of the ACL. The 
transducer does not allow surface strain measurements elsewhere on the ligament or 
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measurements throughout the depth of the ligament. Third, knee specimens were tested in 
isolation, without adjacent segments, such as the foot or trunk, therefore disregarding their role 
during landings. For example, the ankle joint can absorb energy during landings52 and the 
position of the trunk can affect knee loads.18,31 However, eliminating confounding variables such 
as trunk position and energy absorbed at the ankle allowed more consistent loading magnitudes 
within and across knee specimens, and thus the isolation of our variables of interest. Last, 
although the major knee muscles were represented during the landings, only their tensile 
resistance to stretch, thus their eccentric behavior, and their monoarticular actions were 
simulated. This means that the hamstrings tensile force was minimal compared to the quadriceps, 
which is not the case in vivo.16,40 Nagano et al.40 reported hamstrings activity to be approximately 
25% of that of the quadriceps during a single-leg landing in male and female athletes, a higher 
ratio than that of the in vitro landing model.44 Also, the hamstrings act isometrically when the 
knee and hip joint flex in a simulated jump landing with an upright trunk.42 Given that 
hamstrings are known to be agonists to the ACL because they limit anterior tibial 
translation,32,36,38 the in vitro model may have overestimated ACL strain. In fact, Withrow et al.64 
revealed that increasing hamstrings force significantly decreased peak ACL strain in a similar in 
vitro landing model. However, hamstring force was increased to 63% of that of the quadriceps 
force, which may have overrepresented the hamstrings force produced during in vivo landings. 
 Chapters 2 and 3 of this dissertation addressed only the effect of limited range of internal 
femoral rotation caused by a sudden kinematic constraint, as someone with FAI will experience 
when bone-on-bone contact occurs. It does not simulate limited rotation due to soft tissue 
tension, for example. This type of limitation may reduce the sudden internal tibial deceleration 
seen in the model with a sudden stop in femoral rotation because the femur would encounter 
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increasing resistance to internal rotation instead of an immediate high resistance to rotation. 
Although both in vitro models may be realistic, it is unknown why and how hip internal rotation 
was limited in the athletes having suffered an ACL injury.4,12,13 
 In Chapter 3, an ACL fatigue failure mechanism was investigated with an in vitro model, 
and therefore does not take into account the role of adaptive biological responses. Although no 
remodeling occurs in a completely ruptured human ACL,39 it is not known if it occurs in intact or 
partially injured ACLs. If it does occur, it would be critical to know its rate of remodeling for 
ACL injury prevention and rehabilitation purposes. We can probably assume that remodeling 
occurs slowly, over several months, since Type 1 collagen, the basic unit of the ACL,48 has a 
slow turnover rate.60 Consequently, the role played by remodeling and healing is most likely 
minimal over periods of days or even weeks. Therefore, results obtained from the in vitro model 
presented in Chapter 3 reflect ACL behavior before any such remodeling can occur, and thus 
cannot be generalized to ACL fatigue occurring over a longer time period. 
 Although the microscopic anatomy of human tissue can provide useful insights, such 
information has its limitations. First, the tissue samples only provide a snapshot in time. The 
enthesis can be described in terms of type and amount of tissue present and shape, but it is nearly 
impossible to know the “whys” and “hows”. We can only speculate. Due to the nature of cadaver 
work, the physical activity history of the donors was unknown. This is especially important if the 
characteristics of an enthesis reflect the forces applied to it.5,14,15,20 Loads exceeding the enthesis’ 
remodeling threshold can induce entheseal trauma and micro-trauma, thus producing changes at 
the enthesis.62 Second, the tissue samples only provide a snapshot in space. Assumptions are 
made that the two-dimensional images of the entheses are representative of a three-dimensional 
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structure. Validating the use of such images with three-dimensional images obtained with a 
nanofocus computed tomography, for example, would be of interest. 
 A final limitation is the lack of any tissue material properties for the specimens whose 
microscopic anatomy was studied in this dissertation. Testing of material properties has to be 
conducted on fresh or thawed fresh-frozen specimens, but would not yield valid results if 
conducted on the plastic-embedded specimens prepared for Chapters 4-5. Regional tests of 
material properties might include nanoindentation tests of hardness,1,17,23,25 for example. The lack 
of such tests is unfortunate because their results could have provided insights into the regional 
differences found in the microscopic anatomy of the ACL entheses. One might expect the 
entheseal regions that experience large localized strains to have adapted structures and/or 
material properties to cope with these high strains, in the same way that under Wolff’s law,66 
bone that is highly loaded remodels to become stronger by increasing its size and/or density. So, 
if one examined the arrangement and diameters of the collagen fibrils and fibers through light 
microscopy or electron microscopy, one might also find evidence of such regional hypertrophy 
within the entheses. Nonetheless, Chapters 4 and 5 do give a better description of the 
microscopic anatomy of the ACL entheses than has been available hitherto. 
 In summary, this dissertation provides important insights into why athletes with a 
restricted passive range internal rotation at the hip are at higher risk of sustaining an ACL injury. 
Results obtained from an in vitro simulated pivot landing model suggest that limiting hip internal 
rotation increases peak ACL strain and risk of an ACL fatigue failure by increasing internal tibial 
rotation and coupled anterior tibial translation. Screening for restrictions in hip internal rotation 
to prevent ACL ruptures and reruptures, therefore, is recommended. This dissertation also 
provides insight into the reason the majority of ACL ruptures occur near its femoral enthesis, 
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with the PL fibers being vulnerable during pivot landings. The analyses of the microscopic 
anatomy of the ACL entheses suggest that the femoral enthesis is subjected to systematically 
higher stresses than the tibial enthesis, especially the PL fibers’ femoral enthesis during pivot 
landings. 
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CHAPTER 7 
CONCLUSIONS 
 
 This dissertation aimed at elucidating the noncontact anterior cruciate ligament (ACL) 
injury mechanism for which ACL loading history, limited range of hip internal rotation, and the 
microscopic anatomy of the ACL entheses are contributing factors to injury risk. From the 
results presented in Chapters 2-5, the following conclusions were drawn. 
 
[1] Peak relative strain of the anteromedial bundle of the ACL (AM-ACL) was inversely 
related to the available range of internal femoral rotation, with strain increasing 1.3% for 
every 10° decrease in rotation, during an in vitro simulated single-leg pivot landing 
(Chapter 2). 
[2] Peak AM-ACL relative strain was 45% larger in the female knee specimens than the male 
specimens, regardless of the range of internal femoral rotation, during an in vitro simulated 
single-leg pivot landing (Chapter 2). 
[3] Knee specimens with limited range of internal femoral rotation had a risk of ACL fatigue 
failure more than 17 times greater than those with unrestricted rotation, when accounting 
for sex of donor, during repetitive in vitro simulated single-leg pivot landings (Chapter 3). 
[4] The female knee specimens had a risk of ACL fatigue failure nearly 27 times higher than 
the male specimens, when accounting for range of internal femoral rotation, during 
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repetitive in vitro simulated single-leg pivot landings (Chapter 3). 
[5] Limiting the available range of internal femoral rotation with a hard stop increased peak 
ACL strain and risk of ACL fatigue failure by increasing the range of internal tibial 
rotation and coupled anterior tibial translation during in vitro simulated single-leg pivot 
landings (Chapters 2-3). 
[6] The femoral enthesis of the ACL, especially of the posterolateral (PL) fibers, is vulnerable 
to failure via ligament fatigue during repetitive in vitro simulated single-leg pivot landings. 
All ACLs that failed via a macroscopic tear ruptured at the femoral enthesis, including that 
of the PL fibers (Chapter 3). 
 [7] The femoral and tibial entheses of the ACL are fibrocartilaginous entheses. They 
comprised four distinct zones of tissue: dense fibrous connective tissue, uncalcified 
fibrocartilage, calcified fibrocartilage, and bone (Chapter 4-5). 
 [8] The human ACL femoral enthesis had 43% more calcified fibrocartilage, 226% more 
uncalcified fibrocartilage and a nearly 4-fold more acute ligament entheseal attachment 
angle than the tibial enthesis. The differences in fibrocartilage quantity were particularly 
pronounced in the central region of the entheses (Chapter 4). 
[9] The quantity of fibrocartilage was relatively uniform in the human ACL tibial enthesis, but 
rather heterogeneous in the femoral enthesis (Chapters 4-5). 
[10] At the human ACL femoral enthesis, systematic regional differences exist in the quantity 
of fibrocartilage and ligament entheseal attachment angle. There was more calcified and 
uncalcified fibrocartilage in the inferior region of the origin of the anteromedial (AM) 
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fibers than that of the PL fibers and the superior regions. These fibers originated from the 
femur at an angle six times greater than the PL fibers (Chapter 5). 
[11] The shape of the femoral entheseal surface varies within an enthesis and between donors, 
but bilateral similarity exists. Six entheseal surface shapes predominated, with shape being 
correlated bilaterally (Chapter 5). 
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CHAPTER 8 
RECOMMENDATIONS FOR FUTURE RESEARCH 
 
 The long-term goal of this research theme is to prevent ACL injuries to reduce the 
enormous health and financial burden associated with these injuries.5,7,11 This dissertation aimed 
at gaining a better understanding of the pathomechanics of ACL injuries as a step toward 
bridging the gap between the knowledge derived from research and simple, cost-effective injury 
prevention tools for clinical practice. Currently, effective preventive strategies continue to elude 
us. This chapter, therefore, presents recommendations for future research aimed at bridging this 
gap. 
8.1 Restriction in Hip Internal Rotation 
 In Chapter 2, an inverse relation was revealed between the available range of internal 
femoral rotation and peak relative strain of the anteromedial bundle of the ACL (AM-ACL) in an 
in vitro landing model. A limitation of this work, however, was that it only addressed the effect 
of limited rotation because of a sudden stop, and not that due to a more gradual decrease in 
rotation. Therefore, it simulated a bone-on-bone contact as someone with femoroacetabular 
impingement may experience, but not a volitional increase in hip muscle tension, for example. It 
is possible for an athlete to increase muscle tension during the initial contact period of a landing. 
A muscle can reach 50% of its maximum voluntary tension in approximately 90 ms,19 which is 
similar to the time period during which landing forces peak.13,14 Muscle tensile stiffness, which is 
proportional to muscle tension,2 will also increase in concert with muscle tension. It would be of 
121 
interest, therefore, to replicate the experimental protocol used in Chapter 2 with gradual 
decreases in rotation (instead of sudden stops) to determine the effect of limited internal femoral 
rotation due to an increase in hip soft tissue restraints on peak ACL strain. This would be 
beneficial because we do not know how and why hip internal rotation was habitually limited in 
the athletes who suffered an ACL injury.1,3,4 
 Chapters 2-3 explained why athletes with restricted passive range of internal rotation at 
the hip have a greater risk of rupturing and rerupturing their ACL.1,3,4 This relation between hip 
range of motion and injury risk, however, was investigated retrospectively. Future research, 
therefore, should translate the in vitro findings of this dissertation in vivo and prospectively 
confirm that limited hip internal rotation is a risk factor for ACL injury. Such prospective 
research efforts would allow for quantification of injury risk based on the degree of limited range 
of hip internal rotation, thus extending the work of Bedi et al.1 who predicted injury risk with a 
statistical model. Given that several other contributing factors to ACL injury risk exist, such as a 
steep posteriorly directed slope of the lateral tibial plateau,9,15,20,23 a small ACL,9,10 and high 
estrogen levels,8,16,22 further data could be collected to determine the relative importance of 
limited hip internal rotation and additional factors of interest. Also, injury risk should be 
quantified separately for males and females, since ACL injury rates are higher among 
females.17,21 
 To extend the work of Lipps et al.10 and that presented in Chapter 3 on ACL fatigue 
failures, it is important to establish the relation between ACL load (or knee load as a surrogate) 
and number of cycles to ACL injury in vivo in the field. However, a reoccurring challenge in 
ACL injury research, among other areas, is coming up with accurate, noninvasive, but relatively 
simple methods to quantify joint mechanics outside the laboratory. I challenge the biomechanics, 
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engineering, and research community as a whole to develop such an innovative tool. One 
promising avenue might be to use of body-worn miniature wireless inertial measurement 
units.12,18 This technology has potential for estimating joint reaction forces,12 as well as joint 
kinematics.18 Eventually, such a tool could allow for continuous monitoring of knee loading 
magnitude and frequency, as well as other injury risk factors. 
8.2 Microscopic Anatomy of the ACL Entheses 
 In Chapter 3, several types of ACL fatigue failure occurred during in vitro repeated pivot 
landings: (a) complete and partial tears at the femoral enthesis, especially of the posterolateral 
(PL) fibers; (b) permanent elongations where no macroscopic evidence of rupture was present, 
but a 3-mm increase in cumulative anterior tibial translation occurred; and (c) tibial avulsions. 
Hence, failure state was based on macroscopic evidence or ligament behavior. Microscopic 
damage, however, was not investigated. It would be useful, therefore, to perform a similar study 
(Chapter 3) and assess damage on a microscopic level, with histological or nanofocus computed 
tomography techniques, for example. It could provide valuable insight into the ACL fatigue 
injury mechanism that cannot be obtained with in vivo experiments (in humans, at least), despite 
that such an in vitro investigation would not account for the biological responses of the ACL and 
its entheses. Coupled with the baseline histological data presented in Chapters 4-5, bilateral 
microscopic differences between tested and untested specimens could be assessed. It also would 
be useful to assess tested knee specimens for microscopic evidence prior to microscopic failure. 
Perhaps it would provide additional insight into the development of ACL fatigue failures. 
 The anatomical studies of Chapters 4-5 did not permit an investigation of the regional and 
bilateral variation in the viscoelastic material properties of the ACL or its entheses. Clearly, the 
ultimate tensile strength and ultimate tensile strain of the different regions of the enthesis help 
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determine under what conditions and where it will fail under a single load or under cyclic 
loading. Hence, measuring these material properties is an essential step in this line of research. It 
would also be important to know how age, sex, training, and detraining influence such 
properties, as well as the time period during which training/detraining changes occur. 
 Lastly, the histological work of Chapters 4-5 raised several questions regarding the 
development and remodeling of entheses, and specifically, that of ACL entheses. Future studies, 
therefore, are warranted to understand how entheses develop and how they respond to various 
loading types, magnitudes, and frequencies in terms of tissue quantity and shape. This work 
would have to utilize animal models since the biological responses of entheseal tissue cannot 
easily be investigated in live humans without using ionizing radiation, which would be unethical, 
or new forms of high resolution ultrasound imaging. I recommend investigating the potential for 
ligamentous and entheseal tissue to develop and remodel with training before and after puberty. 
This work could answer questions such as: 
• Can an entheseal region develop and remodel, if loaded repeatedly, to withstand greater 
stress before damage occurs? 
• If so, is its greatest potential for remodeling around puberty? 
• Can the mechanical properties (i.e., strain/stress at failure) of the ACL be improved with 
training? 
Revealing a potential for such development and remodeling of the ACL would provide further 
evidence that the human ACL can be “trained” and hypertrophied in vivo6 as a means to 
potentially decrease its risk of injury. 
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APPENDIX A 
DETAILED METHODS USED FOR THE LOWER LIMB COMPUTATIONAL MODEL 
IN CHAPTER 2 
 
 A lower limb, comprising three rigid bodies (femur, tibia, foot) interconnected by three 
torsional springs (representing the elastic resistance of the soft tissues of the hip, knee, ankle) in 
series, was modeled in Adams (MSC Software, Newport, CA, USA) to better interpret the in 
vitro data. The lower limb model was designed to model the intersegmental transfer of axial 
momentum occurring during pivot landings. The proximal end of the “femur” rigid body was 
attached to a fixed pelvic point by means of a torsional spring (kHip), meanwhile the distal end of 
the “foot” rigid body was free (Figure 2.5A). The “tibia” rigid body was attached to the “femur” 
and “foot” bodies by means of torsional springs (kKnee and kAnkle, Figure 2.5A). 
 The mass and moments of inertia of the “femur”, “tibia” and “foot” were obtained from 
Enoka.1 Segmental mass was based on a total body mass of 73 kg. The rotational stiffnesses used 
for the springs (kKnee and kAnkle, Figure 2.5A) representing the knee and ankle were obtained 
from Schmitz and Shultz. The normalized stiffnesses were converted to absolute values using a 
body mass of 73 kg and a height of 1.74 m. These values for body mass and height were selected 
based on the average size of the men from which the segmental data were calculated.1 All model 
parameters are presented in Table A.1. 
 A torque of 10 Nm was applied, peaking at 80 ms, about the longitudinal axis of the foot 
to create angular momentum. Stiffness of the spring representing the hip (kHip, Figure 2.5A) was 
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systematically increased from 0.9 Nm/° to 9.4 Nm/° in 0.6-Nm/° increments, in separate trials. 
This range of stiffness was selected to replicate the range of femoral rotation found in our 
experimental data. For each hip stiffness, femoral rotation and tibial rotation and torque (relative 
to the femur) rotation were calculated. 
Table A.1  Lower limb model parameters 
 
k: spring stiffness; I: moment of inertia; 
xx: medial-lateral axis; yy: anterior-posterior 
axis; zz: longitudinal axis; k: torsional 
stiffness. 
A.1 References 
1. Enoka RM, Neuromechanics of Human Movement. 4th ed. 2008, Champaign, IL, USA: 
Human Kinetics. 560. 
Parameter Value 
Hip Torsional Spring 
 kHip (Nm/°) 0.9 – 9.4 
 preload (N) 0 
Femur Rigid Body 
 mass (kg) 10.3 
 Ixx (kg∙m2) 0.1995 
 Iyy (kg∙m2) 0.1995 
 Izz (kg∙m2) 0.1000 
Knee Torsional Spring 
 kKnee (Nm/°) 1.246 
 preload (N) 0 
Tibia Rigid Body 
 mass (kg) 3.2 
 Ixx (kg∙m2) 0.0369 
 Iyy (kg∙m2) 0.0387 
 Izz (kg∙m2) 0.0063 
Ankle Torsional Spring 
 kAnkle (Nm/°) 2.491 
 preload (N) 0 
Foot Rigid Body 
 mass (kg) 1.0 
 Ixx (kg∙m2) 0.0040 
 Iyy (kg∙m2) 0.0044 
 Izz (kg∙m2) 0.0010 
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APPENDIX B 
COLLECTION OF HISTOLOGICAL IMAGES OF ALL FEMORAL AND TIBIAL 
ENTHESES OF 15 HUMAN ANTERIOR CRUCIATE LIGAMENTS  
 
 This appendix presents the digital images of all histological tissue sections of the femoral 
and tibial entheses of the anterior cruciate ligament for all 15 specimens of Chapters 4-5. Parts 
A-D of each figure are histological images of the femoral enthesis, starting from the most antero-
superior section to the most postero-inferior section (Figure B.1). Parts E-H of each figure are 
histological images of the tibial enthesis, starting from the most medial section to the most lateral 
section (Figure B.1). All sections were stained with toluidine blue. 
 
Figure B.1  Location of tissue sections (black lines) whose digital images are presented in this 
appendix. White lines indicate the edges of the entheses. Letters correspond to the various parts 
of the following figures. A: 20%; B: 40%; C: 60%; D: 80% of the width of the femoral enthesis. 
E: 20%; F: 40%; G: 60%; H: 80% of the width of the tibial enthesis.  
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 Figure B.2  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34372. 
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 Figure B.3  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34563. 
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 Figure B.4  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34563. 
 
  
134 
 Figure B.5  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34571. 
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 Figure B.6  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34571. 
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 Figure B.7  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34578. 
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 Figure B.8  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34578. 
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 Figure B.9  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34593. 
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 Figure B.10  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34593. 
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 Figure B.11  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34602. 
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 Figure B.12  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34602. 
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 Figure B.13  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34626. 
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 Figure B.14  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34626. 
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 Figure B.15  Histology of the four tissue sections of the left ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34630. 
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 Figure B.16  Histology of the four tissue sections of the right ACL femoral (A: 20%; B: 40%; C: 
60%; D: 80% of the width of the enthesis) and tibial (E: 20%; F: 40%; G: 60%; H: 80% of the 
width of the enthesis) entheses in specimen #34630. 
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APPENDIX C 
COMPREHENSIVE DATASETS FOR THE DISSERTATION  
 
 This appendix presents the complete datasets for Chapters 2-5 of this dissertation. Donor 
demographics and data for the baseline trials and all internal femoral rotation conditions of 
Chapter 2 are presenting in Tables C.1-C.7. Donor demographics and data for the last non-pivot 
trial, first pivot trial, and the last pivot trial (including failure trials for failed specimens) of 
Chapter 3 are presented in Tables C.8-C.11. Donor demographics of the donors of the knee 
specimens examined in Chapters 4-5 are presented in Table C.12. Micro-anatomical data for the 
femoral and tibial ACL entheses of Chapter 4 are presented in Table C.13. Regional data of the 
microscopic anatomy of the ACL femoral enthesis are presented in Table C.14. The coefficients 
of the fifth-order polynomial fit to the femoral entheseal surface are presented in Table C.15. 
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Table C.1  Demographic data of the donors of the knee specimens tested in Chapter 2 
Donor ID Sex Age (yrs) Height (m) Mass (kg) BMI (kg/m2) 
F20342L female 45 1.63 54.4 20.6 
F20342R female 45 1.63 54.4 20.6 
F20686L female 50 1.78 63.5 20.1 
F20686R female 50 1.78 63.5 20.1 
M21122L male 57 1.75 86.2 28.1 
M21122R male 57 1.75 86.2 28.1 
M30066R male 58 1.73 68.0 22.8 
F34334R female 55 1.65 45.4 16.6 
F34351R female 65 1.68 56.7 20.2 
M34358L male 60 1.80 88.9 27.3 
M34358R male 60 1.80 88.9 27.3 
F34369L female 72 1.65 60.8 22.3 
F34369R female 72 1.65 60.8 22.3 
M34442R male 61 1.80 68.0 20.9 
F34473L female 49 1.65 72.6 26.6 
F34473R female 49 1.65 72.6 26.6 
M34490L male 71 1.70 77.1 26.6 
M34490R male 71 1.70 77.1 26.6 
M60511L male 52 1.83 86.2 25.8 
M60511R male 52 1.83 86.2 25.8 
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Table C.2  Chapter 2 dataset: Non-pivot baseline trials (knee compression force and flexion 
moment) performed before the trials of the main testing sequence 
Donor ID 
Peak 
Compression 
Force 
(N) 
Peak AM-
ACL 
Relative 
Strain 
(%) 
Range of 
Knee 
Flexion 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Peak 
Quadriceps 
Force 
(N) 
F20342L 1013 1.52 5.9 2.5 1046 
F20342R 1015 3.63 8.0 2.2 1233 
F20686L 1289 5.34 5.9 2.3 1238 
F20686R 1236 2.08 6.1 2.1 1142 
M21122L 1726 2.51 5.7 2.8 1263 
M21122R 1555 2.78 5.7 2.9 1458 
M30066R 1237 5.76 5.6 1.5 1026 
F34334R 940 1.41 5.4 3.0 963 
F34351R 1024 6.01 7.5 3.8 981 
M34358L 1887 2.96 4.7 1.8 982 
M34358R 1590 2.03 5.6 2.5 1228 
F34369L 1283 5.31 5.8 2.9 950 
F34369R 1161 7.50 6.1 3.0 963 
M34442R 1105 4.23 6.3 2.9 1198 
F34473L 1155 3.36 7.4 3.4 1010 
F34473R 1365 7.02 6.7 2.6 1045 
M34490L 1182 4.64 7.1 3.0 1202 
M34490R 1386 5.59 5.9 1.7 1146 
M60511L 1610 1.07 7.2 1.6 1208 
M60511R 1387 0.85 8.3 1.7 1447 
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Table C.3  Chapter 2 dataset: Pivot trials (knee compression force, flexion moment, and internal tibial torque) with locked internal 
femoral rotation (block B) 
Donor 
ID 
Peak 
Compression 
Force 
(N) 
Peak 
Internal 
Tibial 
Torque 
(Nm) 
Range 
of 
Internal 
Femoral 
Rotation 
(°) 
Femoral 
Rotational 
Stiffness 
(Nm/°) 
Peak 
AM-
ACL 
Relative 
Strain 
(%) 
Range 
of 
Knee 
Flexion 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range 
of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Internal 
Tibial 
Deceleration 
(°/s2) 
Peak 
Quadriceps 
Force 
(N) 
F20342L 631 22.6 2.5 17.0 10.13 8.9 5.7 15.2 19027 1335 
F20342R 603 21.7 2.1 12.1 7.12 10.2 4.2 17.3 20868 1560 
F20686L 657 24.3 2.4 10.1 11.08 10.0 5.5 15.4 23078 1515 
F20686R 715 24.4 2.4 10.7 4.38 8.1 5.6 16.0 21966 1279 
M21122L 1010 33.3 2.9 16.6 4.07 7.7 5.5 13.9 26349 1303 
M21122R 981 32.0 3.0 16.0 4.98 7.6 6.1 13.2 24783 1548 
M30066R 790 22.8 2.7 12.2 6.50 5.8 3.7 15.5 17812 1102 
F34334R 665 22.3 2.5 11.1 4.18 5.4 5.8 17.6 22032 1130 
F34351R 632 20.4 2.4 11.0 11.24 8.5 7.5 19.0 18997 1312 
M34358L 998 31.5 3.5 15.1 6.21 7.0 6.2 15.5 33129 1068 
M34358R 915 29.8 2.8 12.3 4.09 8.1 5.6 13.7 23223 1358 
F34369L 713 23.7 2.9 14.8 11.95 8.7 5.9 15.1 20804 1094 
F34369R 692 25.1 3.0 12.3 13.98 7.8 5.4 15.3 19402 1311 
M34442R 735 25.5 3.0 12.7 9.29 8.1 7.0 16.0 21268 1401 
F34473L 574 17.7 2.2 7.9 5.05 10.8 7.2 21.4 20260 1135 
F34473R 749 20.6 2.9 11.6 12.14 6.8 6.2 25.5 27414 1353 
M34490L 719 23.3 2.7 16.0 14.42 8.8 6.3 14.5 19677 1394 
M34490R 731 24.3 2.7 14.7 9.95 9.2 5.0 16.2 21865 1357 
M60511L 967 30.3 3.1 13.6 2.14 9.1 3.6 14.6 24731 1556 
M60511R 957 29.9 2.6 16.5 3.29 8.7 4.2 14.5 21494 1923 
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Table C.4  Chapter 2 dataset: Pivot trials (knee compression force, flexion moment, and internal tibial torque) with internal femoral 
rotation limited by a hard stop to ~7° (block C) 
Donor 
ID 
Peak 
Compression 
Force 
(N) 
Peak 
Internal 
Tibial 
Torque 
(Nm) 
Range 
of 
Internal 
Femoral 
Rotation 
(°) 
Femoral 
Rotational 
Stiffness 
(Nm/°) 
Peak 
AM-
ACL 
Relative 
Strain 
(%) 
Range 
of 
Knee 
Flexion 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range 
of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Internal 
Tibial 
Deceleration 
(°/s2) 
Peak 
Quadriceps 
Force 
(N) 
F20342L 609 22.6 6.8 7.4 10.27 8.3 5.4 15.6 20710 1276 
F20342R 632 21.5 5.9 5.8 7.21 9.6 4.6 17.8 19333 1485 
F20686L 659 22.8 6.5 7.8 11.17 8.8 5.8 15.8 21156 1380 
F20686R 662 23.7 6.1 7.5 4.48 7.7 5.9 16.3 22434 1215 
M21122L 988 31.9 6.8 9.6 3.95 7.1 5.7 13.7 26441 1190 
M21122R 966 31.5 7.1 9.6 4.90 6.8 6.0 13.2 25642 1425 
M30066R 781 24.4 6.5 6.3 6.61 4.2 3.9 15.5 22700 1055 
F34334R 614 21.1 6.3 5.9 4.33 5.9 5.8 18.3 22665 1044 
F34351R 654 21.4 6.2 5.9 11.38 7.7 7.2 19.2 20837 1240 
M34358L 985 31.8 7.5 9.5 6.45 5.7 6.0 15.1 35945 954 
M34358R 901 28.8 6.8 8.8 4.14 6.2 5.5 13.8 26819 1259 
F34369L 666 23.4 7.0 7.0 11.94 8.5 6.0 15.3 20537 1049 
F34369R 634 24.0 7.3 6.4 14.76 8.3 5.4 16.1 19800 1212 
M34442R 728 23.4 6.5 7.2 10.32 8.2 6.9 16.5 22443 1335 
F34473L 575 18.7 6.2 4.7 5.57 9.6 7.3 21.6 19713 1038 
F34473R 753 21.7 7.2 4.7 17.80 6.1 5.7 24.5 26099 1243 
M34490L 657 21.9 6.7 7.0 13.41 9.4 6.1 14.8 19658 1265 
M34490R 801 26.4 6.1 8.2 10.21 7.3 5.3 16.6 24750 1383 
M60511L 905 30.6 7.2 8.8 2.24 8.4 3.4 14.7 25114 1443 
M60511R 892 29.7 6.4 9.2 3.32 8.2 4.3 14.7 23822 1872 
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Table C.5  Chapter 2 dataset: Pivot trials (knee compression force, flexion moment, and internal tibial torque) with internal femoral 
rotation limited by a hard stop to ~11° (block D) 
Donor 
ID 
Peak 
Compression 
Force 
(N) 
Peak 
Internal 
Tibial 
Torque 
(Nm) 
Range 
of 
Internal 
Femoral 
Rotation 
(°) 
Femoral 
Rotational 
Stiffness 
(Nm/°) 
Peak 
AM-
ACL 
Relative 
Strain 
(%) 
Range 
of 
Knee 
Flexion 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range 
of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Internal 
Tibial 
Deceleration 
(°/s2) 
Peak 
Quadriceps 
Force 
(N) 
F20342L 572 18.5 11.5 2.5 8.32 7.9 5.2 14.6 12421 1195 
F20342R 601 17.6 10.5 2.4 6.42 9.2 4.4 16.3 10573 1424 
F20686L 644 19.5 11.5 2.2 9.80 7.6 5.0 14.9 13224 1271 
F20686R 652 19.0 10.6 3.4 3.87 6.7 5.5 15.3 14434 1120 
M21122L 963 26.6 11.2 4.3 3.67 6.6 5.6 12.8 20151 1209 
M21122R 953 25.9 11.5 5.2 4.52 6.3 5.5 12.3 20741 1346 
M30066R 685 18.9 10.8 1.6 5.64 5.8 3.3 14.6 15214 1013 
F34334R 590 18.1 10.9 1.6 4.08 4.6 4.7 16.0 15583 999 
F34351R 625 19.4 10.6 2.6 10.74 7.5 6.7 18.2 15615 1200 
M34358L 958 27.9 12.1 3.8 6.00 5.4 5.5 13.8 26870 959 
M34358R 877 24.1 11.1 3.6 3.76 5.9 4.7 12.7 20418 1264 
F34369L 655 21.1 11.5 2.5 10.42 7.4 5.2 14.3 15258 1028 
F34369R 666 20.5 11.2 2.6 13.01 6.8 4.5 14.2 14344 1146 
M34442R 718 21.8 11.2 3.9 9.56 7.3 6.8 15.7 19493 1287 
F34473L 574 17.3 10.2 3.5 5.44 9.5 6.6 20.4 14592 1034 
F34473R 710 20.4 11.0 2.3 10.58 5.6 5.5 23.8 19756 1284 
M34490L 664 20.9 10.9 4.6 11.00 8.0 5.8 14.0 14509 1266 
M34490R 750 22.2 10.5 2.8 9.97 6.6 4.9 15.5 20506 1312 
M60511L 874 26.5 11.5 4.0 1.96 8.1 3.2 13.7 18699 1415 
M60511R 891 24.0 10.6 4.1 2.87 7.7 4.2 13.9 17256 1773 
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Table C.6  Chapter 2 dataset: Pivot trials (knee compression force, flexion moment, and internal tibial torque) with unrestricted 
internal femoral rotation (block E) 
Donor 
ID 
Peak 
Compression 
Force 
(N) 
Peak 
Internal 
Tibial 
Torque 
(Nm) 
Range 
of 
Internal 
Femoral 
Rotation 
(°) 
Femoral 
Rotational 
Stiffness 
(Nm/°) 
Peak 
AM-
ACL 
Relative 
Strain 
(%) 
Range 
of 
Knee 
Flexion 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range 
of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Internal 
Tibial 
Deceleration 
(°/s2) 
Peak 
Quadriceps 
Force 
(N) 
F20342L 558 17.7 14.3 1.8 5.82 7.5 4.7 13.4 10443 1148 
F20342R 555 17.3 12.9 2.0 6.20 8.9 4.3 15.7 12374 1362 
F20686L 603 18.9 14.1 2.7 9.41 8.4 5.0 13.2 14159 1309 
F20686R 686 19.7 14.8 1.2 3.60 5.8 4.5 13.2 13816 1131 
M21122L 951 24.3 17.8 3.5 3.11 6.5 4.7 10.9 13968 1151 
M21122R 920 24.1 18.6 3.0 3.86 5.9 4.6 10.2 12634 1356 
M30066R 707 18.6 14.5 2.2 5.01 5.6 3.3 12.7 10271 1039 
F34334R 568 17.6 14.0 0.8 3.64 5.6 4.6 15.0 12855 987 
F34351R 562 16.7 13.5 1.3 10.11 7.9 6.4 16.9 11914 1209 
M34358L 919 22.5 18.2 3.1 5.16 6.2 4.9 11.9 14636 960 
M34358R 888 24.3 16.4 2.2 3.16 5.7 3.9 10.8 13688 1224 
F34369L 636 18.0 14.4 2.5 9.94 8.1 5.2 13.1 11125 984 
F34369R 591 18.6 15.3 2.1 11.79 7.9 4.4 13.2 11242 1129 
M34442R 630 19.4 16.3 1.8 8.57 7.3 6.3 13.6 11431 1272 
F34473L 561 15.2 12.6 1.0 5.03 9.7 6.8 19.2 13764 1053 
F34473R 610 16.6 14.6 1.3 9.34 6.7 5.3 22.4 18445 1207 
M34490L 648 19.4 14.8 2.1 8.91 8.1 5.7 12.9 11045 1254 
M34490R 708 21.1 15.1 2.3 9.45 6.8 4.3 13.9 13090 1301 
M60511L 881 23.0 17.0 2.5 1.13 7.6 3.1 12.2 12402 1397 
M60511R 771 21.8 15.1 3.3 2.35 9.8 3.2 12.9 12404 1598 
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Table C.7  Chapter 2 dataset: Non-pivot baseline trials (knee compression force and flexion 
moment) performed after the trials of the main testing sequence 
Donor ID 
Peak 
Compression 
Force 
(N) 
Peak AM-
ACL 
Relative 
Strain 
(%) 
Range of 
Knee 
Flexion 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Peak 
Quadriceps 
Force 
(N) 
F20342L 976 2.74 6.5 2.4 1035 
F20342R 1002 2.43 7.4 1.6 1198 
F20686L 1354 5.58 5.4 2.2 1063 
F20686R 1293 1.62 5.2 1.8 1113 
M21122L 1704 2.22 6.1 2.3 1117 
M21122R 1530 2.41 6.2 2.6 1344 
M30066R 1239 5.43 5.4 1.8 1011 
F34334R 929 1.45 5.2 2.7 956 
F34351R 989 6.74 7.3 4.2 1017 
M34358L 1840 3.49 4.5 1.9 942 
M34358R 1572 1.67 5.9 2.0 1213 
F34369L 1293 5.04 5.5 2.6 968 
F34369R 1142 6.64 6.2 3.0 1028 
M34442R 1125 4.19 6.2 2.9 1227 
F34473L 1169 2.75 7.2 3.7 1026 
F34473R 1383 6.21 5.9 2.9 1103 
M34490L 1151 4.24 7.5 3.2 1180 
M34490R 1426 3.59 5.6 1.8 1152 
M60511L 1690 0.88 6.5 1.6 1284 
M60511R 1460 1.01 7.3 1.9 1581 
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Table C.8  Demographic and morphological data of the donors of the knee specimens tested in Chapter 3 
       Morphologic Data 
Donor ID Sex Age (yrs) Height (m) Mass (kg) BMI (kg/m2) Knee 
Femoral-
ACL 
Attachment 
Angle (°) 
Tibia 
Eminence 
Volume 
(cm3) 
M01149 Male 33 1.80 77.1 23.7 
left 14.3 1.16 
right 17.3 1.24 
M01431 Male 59 1.78 81.6 25.8 
left 26.4 2.03 
right 23.9 1.98 
F02341 Female 35 1.70 50.3 17.4 
left 27.3 1.11 
right 30.1 1.39 
M02867 Male 56 1.65 65.8 24.1 
left 19.4 1.27 
right 30.6 1.54 
F10496 Female 36 1.75 68.0 22.2 
left 22.3 1.04 
right 19.2 1.03 
F20661 Female 44 1.75 54.4 17.7 
left 22.8 1.72 
right 25.9 2.11 
M21514 Male 24 1.80 63.5 19.5 
left 27.5 1.40 
right 26.3 1.69 
M22806 Male 22 1.75 74.8 24.4 
left 30.7 1.41 
right 25.8 1.12 
M30734 Male 56 1.73 58.1 19.5 
left 22.7 2.07 
right 23.7 2.02 
F34422 Female 40 1.55 41.7 17.4 
left 19.6 1.22 
right 29.4 1.04 
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Table C.8  Demographic and morphological data of the donors of the knee specimens tested in Chapter 3 (continued) 
       Morphologic Data 
Donor ID Sex Age (yrs) Height (m) Mass (kg) BMI (kg/m2) Knee 
Femoral-
ACL 
Attachment 
Angle (°) 
Tibia 
Eminence 
Volume 
(cm3) 
M34494 Male 59 1.70 80.3 27.7 
left 20.9 1.79 
right 23.6 1.83 
F34516 Female 62 1.55 45.4 18.9 
left 30.4 1.06 
right 11.9 1.13 
F34568 Female 53 1.63 61.2 23.2 
left 14.5 0.88 
right 28.5 1.18 
F40036 Female 64 1.60 52.2 20.4 
left 33.9 1.05 
right 39.7 1.25 
M40061 Male 30 1.80 68.9 21.2 
left 26.3 1.06 
right 32.2 1.33 
F71125 Female 47 1.68 54.4 19.4 
left 21.1 1.12 
right 25.2 1.26 
 
  
156 
Table C.9  Chapter 3 dataset: Kinematic and kinetic data for the last non-pivot trial (knee 
compression force and flexion moment) of all 32 knee specimens 
Donor 
ID Knee 
Peak 
Compression 
Force 
(N) 
Range of 
Internal 
Femoral 
Rotation 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Quadriceps 
Force 
(N) 
M01149 
left 3304 0.9 7.7 12.1 2026 
right 3155 0.3 4.8 5.9 2131 
M01431 
left 3021 0.0 5.7 7.5 1851 
right 3394 1.2 5.0 7.0 2240 
F02341 
left 2186 0.0 5.0 6.6 1424 
right 2596 0.0 4.2 5.0 1715 
M02867 
left 2581 0.4 4.9 5.9 1824 
right 2750 0.1 4.2 6.2 1856 
F10496 
left 2481 1.1 6.2 6.0 1522 
right 2642 1.6 3.8 5.2 1611 
F20661 
left 2227 0.0 5.5 4.8 1524 
right 2263 0.0 3.7 4.9 1560 
M21514 
left 2591 0.0 4.4 5.7 1595 
right 2784 0.0 2.8 4.7 1894 
M22806 
left 3242 0.5 6.5 10.7 1960 
right 3019 1.3 5.8 11.1 1964 
M30734 
left 2387 0.0 3.4 3.9 1590 
right 2450 0.0 2.9 2.8 1880 
F34422 
left 1604 0.7 4.3 6.3 1065 
right 1887 0.5 2.9 3.9 1093 
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Table C.9  Chapter 3 dataset: Kinematic and kinetic data for the last non-pivot trial (knee 
compression force and flexion moment) of all 32 knee specimens (continued) 
Donor 
ID Knee 
Peak 
Compression 
Force 
(N) 
Range of 
Internal 
Femoral 
Rotation 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Quadriceps 
Force 
(N) 
M34494 
left 2757 0.0 4.9 4.6 1732 
right 3238 0.7 4.1 3.3 2126 
F34516 
left 2090 0.9 8.3 5.6 1479 
right 1838 0.0 5.2 3.2 1448 
F34568 
left 2669 0.6 5.4 7.9 1781 
right 2394 0.1 4.2 7.2 1685 
F40036 
left 2136 0.0 6.1 8.0 1454 
right 2331 0.1 4.4 6.1 1629 
M40061 
left 2817 0.0 5.7 11.8 1989 
right 2741 0.0 4.6 10.1 1867 
F71125 
left 2086 0.4 5.5 5.6 1390 
right 2033 0.1 4.1 4.5 1205 
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Table C.10  Chapter 3 dataset: Kinematic and kinetic data for the first pivot trial (knee compression force, 
flexion moment, and internal tibial torque) of all 32 knee specimens 
Donor 
ID Knee 
Trial 
Number 
Peak 
Compression 
Force 
(N) 
Range of 
Internal 
Femoral 
Rotation 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Quadriceps 
Force 
(N) 
M01149 
left 6 2868 18.3 9.1 21.1 1779 
right 6 3442 4.4 11.0 25.0 1824 
M01431 
left 6 3263 4.3 8.3 17.9 1877 
right 6 2947 16.2 6.4 16.5 2015 
F02341 
left 6 2238 13.2 6.8 19.8 1412 
right 6 2802 3.8 7.3 22.2 1894 
M02867 
left 6 2550 12.7 5.8 14.4 1830 
right 6 3155 4.1 6.2 15.7 2141 
F10496 
left 7 2834 3.3 8.4 20.8 1747 
right 6 2249 14.8 5.8 20.5 1372 
F20661 
left 6 2559 3.3 7.7 17.1 1794 
right 6 2377 14.2 5.6 17.6 1652 
M21514 
left 6 2843 3.2 7.5 14.9 1696 
right 6 2667 15.8 5.0 12.8 1736 
M22806 
left 6 2965 16.6 8.3 23.5 1778 
right 6 3662 3.5 9.4 26.0 2434 
M30734 
left 6 2273 14.1 5.4 16.2 1435 
right 6 3053 3.6 6.6 20.3 1911 
F34422 
left 6 1715 9.5 6.7 15.7 1042 
right 6 1985 3.1 4.9 14.2 1247 
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Table C.10  Chapter 3 dataset: Kinematic and kinetic data for the first pivot trial (knee compression force, 
flexion moment, and internal tibial torque) of all 32 knee specimens (continued) 
Donor 
ID Knee 
Trial 
Number 
Peak 
Compression 
Force 
(N) 
Range of 
Internal 
Femoral 
Rotation 
(°) 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Range of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Quadriceps 
Force 
(N) 
M34494 
left 6 2876 6.7 8.7 22.0 1711 
right 6 2849 17.7 6.5 19.6 1946 
F34516 
left 6 2013 10.8 6.7 17.1 1419 
right 6 2067 4.7 10.1 22.8 1490 
F34568 
left 6 3077 3.9 6.9 19.7 2150 
right 6 2592 13.7 6.8 17.0 1812 
F40036 
left 6 2241 3.0 8.2 18.2 1593 
right 6 2361 11.9 6.0 18.1 1648 
M40061 
left 6 3272 3.0 7.3 20.2 2292 
right 6 2756 13.5 5.4 19.2 2047 
F71125 
left 6 2267 13.2 7.1 15.3 1506 
right 6 2127 3.6 7.8 21.2 1400 
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Table C.11  Chapter 3 dataset: Kinematic and kinetic data for the last pivot trial (knee compression 
force, flexion moment, and internal tibial torque), including the trial during which ACL failure 
occurred in the 8 failed knee specimens 
Donor 
ID Knee 
Failure 
Type 
Trial 
Number 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Peak 
Cumulative 
Anterior 
Tibial 
Translation 
(mm) 
Range of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Cumulative 
Internal 
Tibial 
Rotation 
(°) 
M01149 
left D 136 8.9 10.4 20.0 23.4 
right E 127 11.2 13.9 24.7 27.9 
M01431 
left E 80 10.0 11.5 17.4 20.6 
right D 105 7.9 8.2 15.5 19.5 
F02341 
left D 110 7.6 9.1 21.6 26.1 
right A 38 10.2 12.1 23.6 29.0 
M02867 
left D 105 5.8 7.1 14.5 16.0 
right D 105 6.1 7.7 15.1 17.2 
F10496 
left D 110 8.7 9.7 19.9 23.4 
right D 110 6.7 7.6 17.9 22.5 
F20661 
left T 14 14.8 15.6 17.6 18.6 
right D 105 5.6 6.3 17.1 20.5 
M21514 
left D 105 7.6 8.1 14.2 16.4 
right D 105 4.8 5.6 11.1 14.1 
M22806 
left D 105 8.1 8.7 23.1 26.0 
right D 105 10.3 10.9 24.6 28.9 
M30734 
left D 105 5.5 6.5 16.0 19.7 
right D 105 5.7 7.1 18.4 22.6 
A: tibial avulsion; D: did not fail; E permanent elongation; P: partial ACL tear; T: complete ACL tear 
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Table C.11  Chapter 3 dataset: Kinematic and kinetic data for the last pivot trial (knee compression 
force, flexion moment, and internal tibial torque), including the trial during which ACL failure 
occurred in the 8 failed knee specimens (continued) 
Donor 
ID Knee 
Failure 
Type 
Trial 
Number 
Range of 
Anterior 
Tibial 
Translation 
(mm) 
Peak 
Cumulative 
Anterior 
Tibial 
Translation 
(mm) 
Range of 
Internal 
Tibial 
Rotation 
(°) 
Peak 
Cumulative 
Internal 
Tibial 
Rotation 
(°) 
F34422 
left D 105 6.5 7.9 14.5 18.1 
right D 105 4.9 5.8 12.9 15.6 
M34494 
left P 45 11.1 12.1 21.1 23.8 
right D 105 6.8 7.8 20.9 21.6 
F34516 
left D 10 8.1 8.8 18.1 20.1 
right P 7 12.1 13.0 22.0 24.4 
F34568 
left D 105 7.7 8.9 19.5 23.1 
right D 105 6.1 7.8 16.2 18.4 
F40036 
left A 6 8.2 8.2 18.2 18.2 
right A 10 6.0 6.5 18.6 19.5 
M40061 
left D 105 7.5 8.4 19.4 22.9 
right D 105 4.9 5.6 18.1 21.0 
F71125 
left D 105 7.0 8.0 14.8 18.4 
right D 105 8.9 10.0 22.2 24.9 
A: tibial avulsion; D: did not fail; E permanent elongation; P: partial ACL tear; T: complete ACL tear 
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Table C.12  Demographic data of the donors of the knee specimens examined in Chapters 4-5 
Donor ID Sex Age (yrs) Height (m) Mass (kg) BMI (kg/m2) 
F34372L female 48 1.73 71.7 24.0 
F34563L female 53 1.65 45.8 16.8 
F34563R female 53 1.65 45.8 16.8 
M34571L female 54 1.73 58.1 19.5 
M34571R female 54 1.73 58.1 19.5 
M34578L female 47 1.75 72.6 23.6 
M34578R female 47 1.75 72.6 23.6 
M34593L female 57 1.91 99.8 27.5 
M34593R female 57 1.91 99.8 27.5 
F34602L female 69 1.60 68.5 26.7 
F34602R female 69 1.60 68.5 26.7 
M34626L female 48 1.63 65.8 24.9 
M34626R female 48 1.63 65.8 24.9 
F34630L female 41 1.65 81.6 30.0 
F34630R female 41 1.65 81.6 30.0 
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Table C.13  Chapter 4 dataset: Microscopic anatomy of the ACL femoral and tibial entheses 
  Relative Area of Calcified 
Fibrocartilage (μm2/μm) 
Depth of Uncalcified 
Fibrocartilage (μm) 
Ligament 
Entheseal 
Attachment 
Angle (°) 
Donor ID Enthesis Entire Enthesis 
Middle 
50% 
Outer 
50% 
Entire 
Enthesis 
Middle 
50% 
Outer 
50% 
Entire 
Enthesis 
F34372L 
femoral 229 272 186 76 118 32 9.7 
tibial 137 175 104 31 38 23 40.9 
F34563L 
femoral 160 228 102 107 135 79 8.6 
tibial 123 155 94 31 37 26 26.7 
F34563R 
femoral 166 241 92 180 202 155 -3.9 
tibial 83 103 64 180 202 155 33.0 
M34571L 
femoral 135 207 64 129 217 40 20.2 
tibial 110 90 127 75 87 63 46.8 
M34571R 
femoral 243 299 189 167 225 111 10.2 
tibial 117 122 112 41 52 29 33.3 
M34578L 
femoral 220 306 135 317 546 90 27.2 
tibial 114 137 92 25 37 13 45.7 
M34578R 
femoral 156 229 84 311 564 67 18.7 
tibial 83 76 90 51 78 26 48.2 
M34593L 
femoral 155 180 133 183 269 98 2.3 
tibial 128 122 134 43 76 11 38.9 
M34593R 
femoral 132 129 134 97 165 27 10.7 
tibial 130 151 110 44 77 11 38.3 
F34602L 
femoral 340 389 292 201 309 99 12.9 
tibial 242 282 203 89 138 41 31.0 
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Table C.13  Chapter 4 dataset: Microscopic anatomy of the ACL femoral and tibial entheses (continued) 
  Relative Area of Calcified 
Fibrocartilage (μm2/μm) 
Depth of Uncalcified 
Fibrocartilage (μm) 
Ligament 
Entheseal 
Attachment 
Angle (°) 
Donor ID Enthesis Entire Enthesis 
Middle 
50% 
Outer 
50% 
Entire 
Enthesis 
Middle 
50% 
Outer 
50% 
Entire 
Enthesis 
F34602R 
femoral 423 525 327 283 436 126 6.2 
tibial 319 386 254 66 124 15 37.4 
M34626L 
femoral 80 90 71 186 264 111 12.3 
tibial 70 66 72 72 66 76 38.7 
M34626R 
femoral 97 110 85 135 154 116 0.5 
tibial 80 86 73 6 11 1 47.4 
F34630L 
femoral 119 162 79 173 172 174 9.0 
tibial 112 123 100 43 66 19 34.5 
F34630R 
femoral 151 188 113 140 138 141 5.0 
tibial 113 134 90 28 37 18 35.0 
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Table C.14  Chapter 5 dataset: Regional microscopic anatomy of the ACL femoral enthesis 
 Relative Area of Calcified Fibrocartilage 
(μm2/μm) 
Depth of Uncalcified Fibrocartilage 
(μm) 
Ligament 
Entheseal 
Attachment Angle 
(°) 
Donor ID 
Antero-
Superior 
Region 
Antero-
Inferior 
Region 
Postero-
Superior 
Region 
Postero-
Inferior 
Region 
Antero-
Superior 
Region 
Antero-
Inferior 
Region 
Postero-
Superior 
Region 
Postero-
Inferior 
Region 
Anterior 
Sections 
Posterior 
Sections 
F34372L 156 389 102 294 121 95 11 81 -4.5 23.8 
F34563L 131 222 137 157 87 163 128 46 -1.5 18.6 
F34563R 165 280 138 92 128 467 114 2 -8.1 0.4 
M34571L 179 172 109 80 200 239 64 12 11.0 29.3 
M34571R 241 233 250 248 104 378 70 107 2.8 17.6 
M34578L 165 227 188 306 80 718 166 305 22.6 31.8 
M34578R 130 202 103 190 212 540 125 373 11.8 25.5 
M34593L 155 198 79 191 82 441 0 212 -7.5 12.1 
M34593R 122 161 85 160 72 287 2 27 3.0 18.4 
F34602L 421 640 140 157 302 336 35 137 9.4 16.4 
F34602R 576 291 354 453 383 293 159 294 -3.3 15.7 
M34626L 53 94 87 87 67 357 83 226 7.4 17.2 
M34626R 75 126 97 91 34 321 37 154 -6.1 7.0 
F34630L 107 229 80 67 47 573 6 83 1.3 16.7 
F34630R 134 265 101 104 39 361 12 142 4.4 5.6 
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Table C.15  Chapter 5 dataset: Coefficients of fifth-order polynomial fit to femoral entheseal surface 
 Coefficients of Fifth-Order Polynomial 
Donor ID 0 1 2 3 4 5 
F34563L 498.3×10-17 -595.0×10-13 23.0×10-8 -26.3×10-5 -285.9×10-3 958.9 
F34563R -2.8×10-17 5.3×10-13 -1.4×10-8 11.8×10-5 -471.3×10-3 981.8 
M34571L 303.9×10-17 -440.6×10-13 22.6×10-8 -44.0×10-5 234.3×10-3 409.4 
M34571R 441.0×10-17 -609.1×10-13 30.4×10-8 -64.3×10-5 511.5×10-3 282.3 
M34578L -303.0×10-17 451.8×10-13 -22.6×10-8 36.7×10-5 103.7×10-3 238.4 
M34578R -183.5×10-17 384.8×10-13 -22.7×10-8 41.7×10-5 -1.1×10-3 329.8 
M34593L 313.3×10-17 -367.3×10-13 16.3×10-8 -30.1×10-5 -1.3×10-3 809.5 
M34593R 234.8×10-17 -332.8×10-13 19.5×10-8 -54.1×10-5 530.9×10-3 500.5 
F34602L 1219.5×10-17 -1393.8×10-13 53.1×10-8 -71.3×10-5 23.5×10-3 741.0 
F34602R 75.3×10-17 58.5×10-13 -12.7×10-8 56.4×10-5 -870.1×10-3 656.4 
M34626L -58.1×10-17 235.5×10-13 -21.3×10-8 76.5×10-5 -1233.1×10-3 1036.2 
M34626R 363.5×10-17 -392.5×10-13 11.4×10-8 7.3×10-5 -745.9×10-3 1008.6 
F34630L -392.5×10-17 442.3×10-13 -16.8×10-8 27.4×10-5 -379.8×10-3 832.5 
F34630R -860.5×10-17 841.8×10-13 -21.3×10-8 -10.6×10-5 6.68.9×10-3 371.0 
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